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ENGLISH SUMMARY 
Cities around the globe, are in the process of taking on the challenge of a 
renewable and sustainable transition. They create local plans for becoming a 
resilient city, smart city, CO2 neutral city, or sustainable city, to name a few 
concepts for sustainable urban development. These concepts all, at some level, 
include the energy system of the city as a focal point in the development of 
cities, but do not have a common basis for understanding the energy system 
of a city.  
Based on the concepts of smart cities and smart energy systems, the thesis 
defines the concept of smart city energy systems. These are urban energy 
systems where the integration of electric, thermal, and gas grids is essential to 
achieving the most efficient energy systems for the city. These smart city 
energy systems focus on improving the individual sectors, but also on 
increasing the flexibility of the urban energy system through the integration 
of the sectors. Smart city energy systems do not necessarily require energy 
production, but they must utilise the energy required by the residents 
efficiently based on the concepts of system integration. 
Thus, a vital part of smart city energy systems is the acknowledgement of the 
importance of two contextual aspects: the system integration context of smart 
cities and the geographical context of smart cities. 
The thesis investigates the system integration context of smart city energy 
systems. Since smart city energy systems rely on the concept of system 
integration, this context impacts both decision-making and the design of the 
surrounding energy system. To discuss decision-making, the thesis suggests 
an approach by which system integration is measured against traditional 
energy systems. The impact on the system design, and the implementation of 
a single technology, are assessed through energy systems analysis of a 
systematic implementation of the given technology. With a continuous 
measure of the performance of the energy system, the consequences of the 
implementation of the given technology in a smart city energy system can be 
identified. 
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Sustainability is often a target in the development of future cities, but many 
existing plans consider only the specific development of the local urban area. 
Thus, even if they achieve local sustainability targets, the plan developed 
potentially hinders other cities in making the same transition to a sustainable 
or renewable energy system. Thus, a sustainable energy system, or a 
sustainable city, must consider its resource use so it does not limit the 
opportunities of other cities, for it to be considered sustainable. 
The geographical context is therefore important to assess in the development 
of smart city energy systems. The thesis stresses that the resource use of the 
urban energy system must be considered from the perspective of the plans for 
the development of national energy systems. This can to a large extent be 
achieved with already-existing tools for energy systems analysis, but to gain 
the full perspective, the interaction between the smart city energy system and 
the national energy system must be assessed. The thesis therefore develops a 
tool and a methodology to link urban energy systems with national energy 
systems, the MultiNODE tool for EnergyPLAN.  
The MultiNODE tool enables EnergyPLAN to assess the interaction between 
urban energy systems and the surrounding national energy systems, from 
which the user can identify impacts on total resource use and electricity 
exchange. This is something EnergyPLAN in its stand-alone version is not 
capable of doing. These assessments are necessary when the smart city energy 
system does not require energy production. 
The final element investigated is the interplay between a smart city energy 
system, the geographical context, and the system integration context. Through 
this two-dimensional approach, the total relationships among the individual 
elements can be assessed to determine the operation of the energy system. 
These elements are all tested on concrete cases. The system integration context 
is first investigated through the assessment of implementing system 
integration in a 2050 scenario for the Irish energy system, currently relying on 
individual heating. With the implementation of combined heat and power, 
thermal storage and district heating, a more efficient scenario is achieved. The 
second aspect of the system integration context assessed is the implementation 
of a single technology in an integrated energy system. Here, the results of the 
analysis of the implementation of energy savings in a Danish district heating 
system show that system integration potentially can influence the performance 
of a single technology. 
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The concept of smart city energy systems is compared with concrete plans for 
Sønderborg and Copenhagen and assessed in relation to the geographical 
context of the development of a renewable Danish energy system. The study 
shows that an uncoordinated plan that does not take the geographical context 
into account can result in sub-optimisation in terms of resource use and 
integration between the local and national energy system. 
To combine and discuss the two aspects, the thesis investigates the benefit of 
system integration in relation to system interconnection – a two-dimensional 
approach – in the case of two archetypical energy systems, a northern and a 
southern system. From this, the study shows that when investigating smart 
energy systems, this approach helps identify how variable renewable energy 
is best utilised, since it can either be used through system integration or 
exported to the surrounding energy system. 
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DANSK RESUMÉ 
Byer over hele verden er i gang med at omstille sig til et mere vedvarende og 
bæredygtigt samfund. I den forbindelse udarbejdes der lokale planer med 
målsætningen om resiliente byer, smarte byer, CO2 neutrale byer og 
bæredygtige byer. Disse koncepter forsøger alle til et vist niveau at inkludere 
energisystemet i byen som et vigtigt element i udviklingen af byen. 
Koncepterne har dog ikke en fælles forståelse for byens energisystem. 
Baseret på konceptet smarte byer og smarte energisystemer, definerer denne 
afhandling konceptet smarte urbane energisystemer. Disse er byens 
energisystemer, hvor integrationen af el-, varme- og gasnettet er essentielt for 
at opnå det mest effektive energisystem for byen. Energisystemerne skal 
fokusere på at optimere de individuelle sektorer, men igennem integrationen 
af sektorerne kan et mere fleksibelt urbant energisystem opnås. Smarte urbane 
energisystemer kræver ikke nødvendigvis lokal energiproduktion, men de skal 
have en effektiv udnyttelse af den energi, der kræves af beboerne i byen, 
baseret på systemintegration. 
Det er derfor nødvendigt i analyserne af smarte urbane energisystemer at 
acceptere vigtigheden i to kontekstuelle aspekter. Systemintegrationens 
kontekst af smarte byer og den geografiske kontekst af smarte byer. 
Afhandlingen undersøger systemintegrationskonteksten baseret på to 
perspektiver. Smarte urbane energisystemer er afhængige af 
systemintegration. Systemintegrationen påvirker både beslutningsprocessen 
vedrørende udviklingen af energisystemet og systemdesignet af hele 
energisystemet. For at diskutere beslutningsprocessen, foreslår denne 
afhandling en analyse, hvor systemintegration måles imod et allerede 
defineret energisystem uden systemintegration for at påvise fordelen ved 
systemintegration. Systemintegration påvirker systemdesignet, og effekten af 
implementering af én ny teknologi i energisystemet. For at vurdere dette 
samspil mellem den enkelte teknologi og systemintegration, foreslås en 
metode, hvor der ved hjælp af energisystemanalyse, analyseres en 
kontinuerlig øget implementering af teknologien. Ved at måle kontinuerligt 
på energisystemets performance kan konsekvensen ved implementeringen af 
teknologien i et smart urbant energisystem identificeres. 
Bæredygtighed ses ofte som et mål i udviklingen af fremtidige byer, men 
mange af de eksisterende planer forholder sig kun til den lokale udvikling af 
deres specifikke by. Derfor kan den lokale plan, selvom de skulle opnå de 
CONTEXTUAL ASPECTS OF SMART CITY ENERGY SYSTEMS ANALYSIS 
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lokale mål for bæredygtig udvikling, potentielt forhindre andre byer eller 
lande i også at lave bæredygtig omstilling eller et bæredygtigt energisystem. 
Det er derfor nødvendigt, at et bæredygtigt energisystem, eller en bæredygtig 
by, forholder sig kritisk til det lokale ressourceforbrug, så andre byer også 
efterlades muligheder for en bæredygtig omstilling.  
Den geografiske kontekst er derfor nødvendig i vurderingen af smarte urbane 
energisystemer. Afhandlingen understreger, at ressourceforbruget lokalt skal 
ses i relation til den fremtidige udvikling af det nationale energisystem. Dette 
kan til et vist omfang håndteres i allerede eksisterende 
energisystemanalysemodeller og -værktøjer, men for at opnå det fulde 
perspektiv skal samspillet mellem smarte urbane energisystemer og det 
omkringliggende nationale energisystem kunne vurderes. I forbindelse med 
afhandlingen udvikles der dermed en metode og et værktøj til at linke urbane 
energisystemer med nationale energisystemer. MultiNODE til 
energisystemanalyseværktøjet EnergyPLAN. 
MultiNODE gør EnergyPLAN i stand til at vurdere interaktionen mellem 
byens energisystem og omkringliggende nationale energisystem, hvorfra 
brugeren kan vurdere, blandt andet ressourceforbruget og el-udvekslingen. 
Dette er EnergyPLAN ikke i stand til i stand-alone versionen. Disse analyser 
er nødvendige, når de smarte urbane energisystemer ikke er afhængige af lokal 
energiproduktion. 
Det sidste element, der undersøges i denne afhandling, er samspillet mellem 
det smarte urbane energisystem, systemintegrationskonteksten og den 
geografiske kontekst. Igennem denne todimensionelle tilgang, kan relationen 
mellem de individuelle elementer undersøges, for at detaljere hvordan 
energisystemet skal fungere. 
De tre elementer analyseres alle på konkrete cases. 
Systemintegrationskonteksten analyseres først i forbindelse med 
implementeringen, af et Irisk energisystem for 2050 baseret på individuel 
opvarmning. Med implementeringen af kraftvarme, varmelager og fjernvarme 
opnås et mere effektivt scenarie. Det andet aspekt af 
systemintegrationskonteksten undersøges ved implementeringen af en enkelt 
teknologi i et integreret energisystem. Specifikt viser resultaterne fra 
implementeringen af energibesparelser i et dansk system baseret på 
fjernvarme, at systemintegrationen påvirker, hvordan den enkelte teknologi 
performer.  
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Konceptet smarte urbane energisystemer sammenlignes med konkrete planer 
for Sønderborg og København i Danmark og undersøges i relation til den 
geografiske kontekst, i dette tilfælde udviklingen af det danske energisystem. 
Analyserne viser, at en ukoordineret plan, der ikke tager den geografiske 
kontekst i betragtning, kan resultere i suboptimering i forhold til 
ressourceforbrug og utilstrækkeligt samspil mellem det lokale energisystem 
og det nationale energisystem.  
For at kombinere og diskutere systemintegrationskonteksten med den 
geografiske kontekst undersøger afhandlingen samspillet igennem en 
todimensionel tilgang, to arketypiske energisystemer – et nordligt og et sydligt 
energisystem. Den analyse viser, at når smarte energisystemer undersøges, 
kan en todimensionel tilgang vise, hvordan den vedvarende energi kan 
udnyttes enten igennem systemintegration eller ved import/eksport til 
omkringliggende energisystemer. 
 
 
 
 
 
 
 
 
 
 
 
  
 
11 
ACKNOWLEDGEMENTS 
The PhD project and thesis is part of the Centre for IT-Intelligent Energy 
Systems in Cities (CITIES) research project funded by Innovation Fund 
Denmark. The author would like to extend a thank you to the involved 
partners. 
In relation to the studies carried out in relation to the PhD project, the author 
would furthermore like to extend a thank you to: 
 Daniel Møller and Ebbe Münster at PlanEnergi for providing 
discussions regarding the MultiNODE tool and the EnergyPLAN 
model for Sønderborg. 
 Anders N. Andersen and Henning Mæng at EMD International A/S 
for assisting in the development of the MultiNODE tool. 
 Loui Algren and Mette Gamst at Energinet.dk for assisting with 
understanding Sifre. 
 John Paul Deane, James Glynn and Brian Ó Gallachóir at University 
College Cork for hosting my external research stay and assisting with 
Irish TIMES Modelling 
Also, many thanks to my supervisor Henrik Lund and all my colleagues at 
Aalborg University. 
 
The front-page picture has been provided by Amalie Zinck Thellufsen. 
 
 
13 
TABLE OF CONTENTS 
Chapter 1. Introduction ............................................................................. 15 
1.1. Problem statement ............................................................................. 17 
Chapter 2. Smart city energy systems ...................................................... 21 
2.1. Smart energy systems ........................................................................ 21 
2.2. Smart cities ........................................................................................ 24 
2.3. Smart city energy systems ................................................................. 26 
Chapter 3. Analysing smart city energy systems ..................................... 29 
3.1. Identifying methodologies and tools for smart city energy systems 
analysis ..................................................................................................... 29 
3.2. Modelling smart city energy systems in different energy systems 
analysis tools ............................................................................................. 31 
3.2.1. TIMES for smart city  energy systems analysis .......................... 32 
3.2.2. Sifre for smart city energy Systems analysis .............................. 35 
3.2.3. EnergyPLAN for smart city  energy systems analysis ................ 38 
3.3. Choice of primary tool ....................................................................... 41 
Chapter 4. Analysing contextual aspects of smart city energy systems . 43 
4.1. System integration context ................................................................ 43 
4.2. Geographical context ......................................................................... 44 
4.3. Two-dimensional approach to smart city energy systems ................. 47 
Chapter 5. System integration and system design ................................... 49 
5.1. System integration benefits ................................................................ 49 
5.2. Single technology integration context ............................................... 51 
Chapter 6. Linking a local energy plan to a national energy system ..... 55 
Chapter 7. System integration and system interconnection ................... 61 
Chapter 8. Conclusions .............................................................................. 67 
8.1. Theoretical ......................................................................................... 67 
8.2. Methodological .................................................................................. 68 
8.3. Analytical ........................................................................................... 69 
CONTEXTUAL ASPECTS OF SMART CITY ENERGY SYSTEMS ANALYSIS 
14 
Literature list .............................................................................................. 73 
Appendices .................................................................................................. 83 
15 
CHAPTER 1. INTRODUCTION 
The concept of smart cities [1–3] is one of several concepts that discuss the 
role of the city in a more sustainable future [4]; others include resilient cities 
and sustainable cities [4]. The concept of smart cities is not strictly defined 
[5], but in overall terms it includes the increasing use of information 
technology and communication (ICT) solutions [6–8], the design of energy 
systems to supply the demands of the system [8–11], and the goal of making 
the city more sustainable [12,13]. The different definitions place emphasis on 
different aspects, and some have a sole focus on the city itself [12,13], while 
others include aspects of the surrounding country [9,10].  
With this focus on energy and information technology and communication 
solutions, in combination with sustainability, the two main ways to approach 
the energy system for smart cities are smart grids [14–16] or smart energy 
systems [14,17–19]. Smart grids primarily focus on the electricity grid and 
technologies related to the use of electricity and converting energy into 
electricity. Cities contain not only electricity demands, but also heating 
demands, transport demands and industrial demands. The smart energy system 
approach is more applicable as it focuses on the individual grids and the 
connection between them while also considering not only the electricity 
sector, but also smart solutions for heating, transportation and industry. These 
smart energy systems in relation to smart cities are defined as smart city 
energy system. 
The smart city concept includes the ambitions of sustainability and 
sustainable cities; however, it should strive towards more than creating 
individual sustainable cities. The cities should be sustainable in context 
[10]. This means that the smart city energy system should be 
sustainable in a way that enables other cities to achieve sustainability 
including enabling the remainder of the country to have the possibility 
of sustainability. Thus, a smart city energy system does not necessarily 
mean the self-sufficiency of renewable energy sources. Instead, the 
smart city energy system must identify renewable energy solutions 
within the context of the surrounding country. To this end, a smart city 
energy systems analysis is needed. 
A smart city energy systems analysis cannot only focus on the city itself—
rather, it must investigate the context of the solutions for the smart city energy 
system. This requires a set of tools and methodologies [10] that can handle the 
investigation into both the city and the surrounding context. These tools and 
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methodologies should enable planners to investigate several questions that are 
necessary to identify the sustainability not just of the city, but also in relation 
to the surroundings. For instance, how much available biomass can one city 
use while leaving enough for the remaining national energy system, or what 
amount of wind turbines should the municipality erect? 
This highlights a need to focus on the geographical context of smart city 
energy systems and smart city energy systems analysis. Such context could be 
provided through national plans, such as those researchers have suggested for 
Denmark [20,21], Ireland [22,23], Germany [24], Portugal [25,26], the USA 
[27], Brazil [25,28] and China [29]. These plans do, however, tend to focus 
only on the country and do not provide guidelines for the development of 
cities. Thus, the geographical context is not only how the city reacts to the 
country, but also how countries as a whole should enable cities to act. 
To leave room for the development of other cities and the remaining country, 
the smart city energy system should strive towards efficiency. Through the 
use of integrated energy systems [30], the utilisation of resources can increase 
with the benefit of the integration of the different energy sectors in the city 
[11,31]. Thus, it is necessary to investigate the system integration context. 
This means the principal evaluation of how system integration benefits the 
smart city energy system, but also the fact that several technologies should be 
implemented in smart city energy systems. It is necessary to evaluate these 
technologies based not on their standalone performance, but in the context of 
the integrated energy system. Thus, the choice of technologies must be 
evaluated as a part of the smart city energy systems analysis and the system 
integration context. 
There are contextual aspects in determining the system design of the smart 
city and the smart city energy system as well as how the smart city energy 
system should relate to the surrounding country. Therefore, looking at how 
much the smart city energy system should rely on an interconnection with the 
surrounding country and cities, in addition to how much the city should utilise 
system integration, becomes relevant. It is also relevant to analyse a part of 
the smart city energy system to discuss the possibility of system integration in 
relation to interconnectors.  
These two contextual aspects need to be investigated with a well-defined set 
of methodologies and tools. By including the contextual aspects in the analysis 
of smart city energy systems it is possible, during decision-making, to explain 
how well they fit together. Energy planners in Sønderborg or Copenhagen 
CHAPTER 1. INTRODUCTION 
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need to know whether their plan actually fits into the context of an energy plan 
for the whole of Denmark.  
The focus of this PhD thesis is therefore to provide tools and methodologies 
for the investigation into the context between smart cities and national energy 
system development. It does this from a point of departure in cities and 
municipalities. It is vital that urban areas develop in relation to the remaining 
national energy system and leave room for the development of other cities. 
With a steady increase in the global urban population [32], a focus on efficient 
smart cities is necessary. 
 
1.1. PROBLEM STATEMENT 
Based on the issues highlighted, the thesis will revolve around the following 
research question: 
What methodologies and tools are suitable to analyse smart city energy 
systems? And how should they be able to assess the smart city energy system 
and its contextual aspects? 
From the scope of smart cities, this PhD thesis delves into two contextual 
aspects: 
1) System integration context. Designing smart city energy systems 
requires a number of technologies; thus, there exists a contextual 
aspect that links the changes in energy system design. This applies to 
the implementation of technologies that lead to system integration, 
and how other technologies and solutions interplay with this system 
integration. This can, for instance, be district heating, the benefit of a 
new technology such as a heat pump, or the implementation of large 
amounts of heat savings in an integrated energy system.  
2) The geographical context that relates the smart city energy system to 
the surrounding country and cities. Smart cities draw on resources 
from rural areas, such as land and biomass, and must share these 
available resources with other cities and towns. Therefore, the 
geographical context is an important aspect to analyse in the 
identification of sustainable smart city energy system solutions. 
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Figure 1.1 illustrates the overall concept of this thesis, with the smart city 
energy system as the offset and the two main points of investigation as axes. 
Through the discussion of these axes, the author hopes to come close to 
defining tools and methods for investigating not only smart cities but also the 
context of these and how they play together. The puzzle piece form indicates 
that the smart city is only one part of the solution, both in terms of the need 
for several smart cities and also because other solutions towards 100% 
renewable energy systems are needed. 
 
 
Figure 1.1. Conceptual drawing of the theme of the thesis. The smart city energy systems 
analysed with the two contextual aspects, the system integration context and the geographical 
context. 
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To develop tools and methodologies for investigating the context of smart city 
energy systems, the thesis first discusses the smart city energy system and the 
overall trends existing for national energy systems.  
After this, the tools and methodologies are developed and are applied to the 
investigation of the two aspects. The three aspects are investigated in separate 
chapters. Finally, the thesis discusses the three axes in relation to smart city 
energy systems, and concludes with the research question. Figure 1.2 shows 
the structure of the thesis and indicates the use of the four papers that create 
the scientific foundation for the thesis. 
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Introduction
Smart City Energy 
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Energy Systems
Methodology
System integration 
context
Geographical 
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Conclusion
Appendix D: 
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tation
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Tool 
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Article 4
 
Figure 1.2. Structure of PhD thesis and how the appendices relates to the chapters. 
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CHAPTER 2. SMART CITY ENERGY 
SYSTEMS 
To approach the analysis of smart city energy systems, the knowledge required 
to understand the concept as well as a definition of the term must be presented. 
This chapter does this by investigating the concept of first smart energy 
systems and then smart cities before combining these into an understanding of 
both a smart city energy system and its context. 
 
2.1. SMART ENERGY SYSTEMS 
A smart energy system [14,17,31,33] is a specific approach to the idea of 
integrated energy systems. This thesis recognises integrated energy systems 
as an overall concept that identifies energy system solutions that rely on the 
integration of the different parts of the energy sector, such as heat and 
electricity. What a smart energy system specifies is that the system should be 
set up to accommodate 100% renewable energy systems and that the 
integration of IT should coordinate the different parts of the energy system.  
To set up a smart energy system, the concept of smart grids is expanded. 
Instead of only focusing on electrical grids [14], the smart energy system 
identifies the implementation of three smart grids: smart electricity grids, 
smart thermal grids and smart gas grids. 
“Smart electricity grids are defined as electricity infrastructures 
that can intelligently integrate the actions of all users connected to 
them – generators, consumers, and those that do both – in order to 
efficiently deliver sustainable, economic, and secure electricity 
supplies.” [18] 
“Smart thermal grids are defined as a network of pipes connecting 
the buildings in a neighbourhood, town centre, or whole city, so 
that they can be served from centralized plants as well as from a 
number of distributed heating and cooling production units, 
including individual contributions from connected buildings.” [18] 
“Smart gas grids are defined as gas infrastructures that can 
intelligently integrate the actions of all users connected to it – 
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suppliers, consumers, and those that to do both – in order to 
efficiently deliver sustainable, economic, and secure gas supplies 
and storages.” [18] 
These three grids and the interconnection between them are the main 
infrastructure in smart energy systems. The smart energy system seeks to 
identify and coordinate synergies between these three grids to achieve the best 
solutions for both the individual grids and the total energy system. Figure 2.1 
illustrates the concept of a smart energy system. 
 
 
Figure 2.1 Conceptual layout of a smart energy system [34]. The green boxes indicate 
integration technologies between the sectors. 
 
Smart energy systems require the utilisation of information and 
communication technology (ICT) to establish co-ordination between the 
different parts of the energy system. This integration of ICT should enable the 
necessary automatic responses to run an efficient and flexible system. 
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This flexibility is necessary to achieve the goal of 100% renewable energy 
systems, which is one of the main drivers for the development of the smart 
energy system concept.  
The smart energy system approach seeks to utilise the flexibility of the energy 
system to integrate renewable energy. This can, for instance, be through power 
to heat solutions that enable the use of excess electricity from variable 
renewable energy to be stored as heat. Heat storage is significantly cheaper 
than electricity storage, especially when used in district heating systems [17]. 
By utilising this flexibility, the combined heat and power plants can operate 
only during the necessary hours of electricity demand when there is no heat 
demand. The smart energy system also suggests fuel storage through the use 
of electro-fuels, as this type of storage is cheap in comparison to storing 
electricity. Figure 2.2 illustrates these differences in cost. 
 
 
Figure 2.2 Comparison in investment costs and cycle efficiency of different types of storage. 
[17] 
 
The smart energy system can, of course, also utilise electricity storage, but 
since the use of pumped hydro storage is geographically restricted, a general 
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smart energy system would rely on electric vehicles with smart charge [35] 
and vehicle-to-grid technology [36,37]. Thus, it becomes integrated in the 
systems task of fulfilling a transport demand. 
As Figure 2.1 illustrates, electricity becomes a primary element of a smart 
energy system, as a large amount of energy is delivered through variable 
renewable energy, such as wind and solar power. However, it integrates this 
electrical system with a necessary thermal system that fulfils heating and 
cooling demands. The interconnection point between electricity and heat is 
the use of heat pumps and electrical boilers. The gas grid is necessary as fuel 
storage that enables the system to fulfil all transport demands, but also offers 
flexibility in the production of electricity. The link between the gas and 
electricity system is represented by the electrolysers. Finally, the smart energy 
system will demand some fuel for critical situations, but also to produce the 
electro-fuels. 
The smart energy system offers concrete solutions for the development of the 
entire energy system, not just the power sector.  
 
2.2. SMART CITIES 
The concept of smart cities is widely used both in urban planning and 
research; however, currently, as  previously explained, there exists no clear 
and consistent understanding of the concept [5]. A smart city typically 
includes a focus on energy, transportation and the use of computer and modern 
technologies to create automated and flexible urban solutions [1,4,7,10]. 
These are often looked at with an overall target of improving the sustainable 
urban development in a given city. 
Therefore, this thesis uses the following definition: 
Smart cities are cities that utilise ICT in relation to their energy 
system to achieve the goal of 100% renewable energy systems. 
This is in line with the definition for smart cities used in the CITIES research 
project: 
The smart city is where quality of life for residents are [sic] 
maximized using urban informatics and technologies to improve 
efficiency of services, to meet residents’ needs effectively and in a 
predictive fashion. We contribute to the future of smart cities with 
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fully integrated energy systems powered by the intelligent use of 
data. [38] 
While smart cities might expand beyond a focus on the energy system, this 
focus remains. This is a critical infrastructural part of the city and thus a key 
point of emphasis in achieving sustainability, which is commonly the target 
of smart cities. 
Even though much research into smart cities has focused on the energy 
system, there is no clear definition of what an energy system is in the context 
of a smart city. When discussing the energy supply in a smart city, research 
tends to focus on individual technological solutions that utilise ICT solutions 
within the field of energy [6,7,10]. While this research is relevant, it can be 
difficult to identify coherent solutions that apply to the total energy system in 
a city. 
Some researchers have looked into possible ways of supplying the whole 
energy system of a city [11,39–41]; however, not many link to the specific 
smart city solution. These solutions do, however, point to the implementation 
of renewable energy, such as solar power, and also to the role of different 
heating solutions. However, it is ambiguous whether the city system should 
be based on, for instance, district heating [42], as is the case of cities like 
Copenhagen [11] and Aalborg [41], or electric heating in the form of 
individual heat pumps [43], as is highlighted as a solution in the EU Energy 
Roadmap 2050 [44]. 
Aside from research, there exist a number of city and municipal plans that try 
to apply the concepts of CO2-neutral cities, resilient cities, and smart cities 
[4]. This is the case with, for instance, Copenhagen [45], Sønderborg [39] and 
Vejle [46] in Denmark, and Seattle [47], New York [48] and Oakland [49] in 
the USA. Several other examples can be found in the Carbon Neutral City 
Alliance [50]. 
While not all of these are designed as energy systems for smart cities, to a 
large extent they fit within the definition used in this thesis. Thus, the point is 
that there is no clear way of designing these energy systems for smart cities. 
This lack of design and guidelines for planners could potentially create issues, 
as all these cities should co-exist within the same future. It is therefore 
important to look not only at the individual city itself, but also at all the other 
cities and countries planning future energy systems.  
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2.3. SMART CITY ENERGY SYSTEMS 
Since there are many different approaches for renewable energy systems in 
future smart cities, it becomes difficult to identify common solutions. This 
thesis combines the ideas of smart energy systems and smart cities to describe 
the concept of smart city energy systems.  
A smart city energy system combines the goal of smart cities by identifying 
ICT solutions in the process of achieving renewable energy systems with the 
specifications of a smart energy system. Thus, a smart city energy system is 
defined using the following parameters. 
The smart city energy system seeks solutions for the energy system of the 
whole city as well as the individual sectors. This results in the utilisation of 
smart electricity grids, smart thermal grids and smart gas grids. Through this 
utilisation, the smart city energy system has to have the flexibility to enable it 
to integrate variable renewable energy into its energy system. The smart city 
energy system cannot be designed to rely only on combustible fuels. 
Thus, it becomes important for the smart city energy system to enable the 
flexible use of electricity in the form of, for instance, heat pumps, electric 
vehicles and the production of electro-fuels. Furthermore, the planning of a 
smart city energy system should also focus on the utilisation of suitable 
storage, such as through the application of district heating and cooling 
systems.  
The smart city energy system focuses on the layout of the energy system, 
especially surrounding the concept of integrating solutions that fulfil the 
demands illustrated in Figure 2.1. In that case, the smart city energy system 
can be seen as comprising certain parts of the smart energy system. This is 
illustrated in Figure 2.3. 
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Figure 2.3 Conceptual layout of a smart energy system [34]. The blue box defines a potential 
split between what parts can be seen as part of the energy system within the city and what 
potentially belongs to areas outside the city. 
 
Figure 2.3 illustrates that certain parts of the smart energy system might not 
be part of the smart city energy system, such as the available resources 
necessary to sustain the energy demands of the city. Not all cities have 
sufficient access to fluctuating renewable energy or fuels to be self-sufficient. 
Instead, the smart city energy system will in many cases have to be reliant 
upon its surroundings. This means that while it is important to see smart city 
energy systems as a solution for the planning of energy systems in cities, this 
planning has to be seen in relation to the context of the given city.  
These contextual aspects can be broken into the two main types already 
mentioned in Chapter 1. 
 
1) System integration context. 
Smart city energy systems rely on system integration between the 
grids to establish the flexibility to implement renewable energy in the 
energy system. It is therefore necessary to look at the context of how 
crucial system integration is to a smart city energy system—that is, 
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the system integration benefit. Since smart city energy systems rely 
on system integration, the implementation of technologies is 
dependent on this specific system design. That means the 
implementation of other solutions has to function within the system 
integration. This is labelled as the single technology integration 
context. This integration reflects the interaction between the smart 
electricity grid, smart thermal grid and smart gas grid. An example 
could be how energy savings work in the setting of a system with 
integrated heat and electricity supply. 
 
2) Geographical context. 
The smart city energy system only reflects the city itself, but it is 
necessary to identify the amount of resources available as well as how 
the system will affect other cities and the remaining country in order 
to make the transition to a 100% renewable energy system. A smart 
city cannot be sustainable at the cost of other cities not being able to 
achieve sustainability as well.  
It is therefore necessary to take into account the assumed development 
of the remaining cities and the surrounding country. This also 
highlights the need for an overall co-ordination between cities, 
perhaps aiming for the same perspective on their energy systems. 
 
While tools are already in place for analysing the performance of a given 
energy system [14,51,52], such as a smart city energy system, it is necessary 
to identify how these energy systems relate to the given contexts described 
above. Chapter 3 therefore identifies and discusses methods and tools to 
analyse smart city energy systems to arrive at solutions that can take the 
contextual aspects into account. 
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CHAPTER 3. ANALYSING SMART CITY 
ENERGY SYSTEMS 
To analyse smart city energy systems, it is necessary to identify a 
methodology and a set of tools that allow for both the analysis of the energy 
system in the city and how that energy system relates to its contextual aspects. 
This chapter therefore covers the choice and development of methodologies 
and tools for analysing smart city energy systems and the contextual aspects. 
It also discusses the application of different energy system analysis 
frameworks to the case of the smart city energy systems analysis to identify 
how the set of thoughts behind a given tool impacts the way the tool will 
approach smart city energy systems. 
 
3.1. IDENTIFYING METHODOLOGIES AND TOOLS FOR 
SMART CITY ENERGY SYSTEMS ANALYSIS 
To identify the methodologies and tools for analysing the smart city energy 
system, it is therefore necessary to consider the following points: the ability 
to investigate the entire energy system, the options for modelling various 
storage technologies, how the system includes variable renewable energy 
sources and the flexibility in modelling smaller and bigger cities. 
The tool used for the smart city energy system analysis has to be based on a 
methodology that includes the entire energy system. This is necessary to allow 
for the fundamental aspects of smart energy systems [14,31]; that is, to seek 
the optimal solutions for both the individual grids and the entire energy 
system. The tool therefore also has to have the ability to analyse the electricity, 
thermal and gas grids. A few tools focus on the electricity grid and might be 
sufficient to model smart electricity grids [53–55]. These tools are, however, 
insufficient since their methodology does not allow for district heating. The 
methodology behind the tool also has to include the principle of linking the 
different grids. The tool therefore has to include the power-to-gas and power-
to-heat technologies as well as the other relevant energy conversion 
technologies necessary to build a smart energy system that can create 
flexibility and optimal solutions by utilising the co-ordination of the different 
parts of the energy system. 
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The smart city energy systems rely on creating flexibility through the smart 
co-ordination of various storage technologies. Thermal storage in particular is 
relevant in its potential to be situated in the city as part of a district heating 
(and cooling) grid. The tool used for modelling the smart city energy system 
should therefore include the possibility of modelling storage in a meaningful 
way. First, it should include various types of storage, but more importantly, it 
must be based on a methodology that allows for the charging and discharging 
of stored energy over a period of time. Therefore, it comes down to what 
temporal scale the tool uses and to what extent it works with continuity. The 
model can, for instance, work in yearly, monthly, daily or hourly scales, or it 
can be flexible, with the user being able to determine the temporal scale. In 
the cases where the user determines temporal scale, it can sometimes influence 
the time continuity. In order to model storage, it is necessary to acknowledge 
that a charge comes before a possible discharge. Hence, it is important to have 
a tool that includes time continuity. 
The temporal scale also becomes important when the system has to model 
variable renewable energy. The variable renewable energy sources fluctuate 
with weather patterns and are, as such, not a stable source of energy that can 
be used on demand. There will be situations where there is a low supply of 
energy and a high demand, as well as low demands when there is an excessive 
supply of energy. The tool therefore has to consider this behaviour in its 
methodology. One way is to use a high temporal resolution, as that requires 
the smart city energy systems to react to the fluctuating behaviour of, for 
instance, wind energy. Thus, the tool can test the flexibility of the smart city 
energy system and to what extent it can accommodate variable renewable 
energy. It is possible to have tools that work on other methodologies to assess 
variable renewable energy; however, these tools have to analyse the different 
scenarios that can occur in terms of demand and supply as well as how 
sensitive a system is to the frequency of these scenarios occurring. 
Finally, urban regions can vary in size; thus, the tool has to be flexible in 
modelling different sizes of energy systems as well as what technologies are 
accessible for the city. A demand model would not be relevant on its own, as 
some cities might have access to energy production units. The methodology 
has to be flexible. 
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3.2. MODELLING SMART CITY ENERGY SYSTEMS IN 
DIFFERENT ENERGY SYSTEMS ANALYSIS TOOLS 
The field of energy systems modelling is filled with many different types of 
tools, all based on various methodologies. Connolly et al. [52] conducted a 
thorough review of available computer tools for energy systems analysis and 
identified seven types of tools, depending on the overall operation: 
1) Simulation tool. Seeks to operate the energy system to fulfil a set of 
demands. 
2) Scenario tool. Seeks to create scenarios for energy system 
development in the future. 
3) Equilibrium tool. Seeks to generate an economic equilibrium based 
on information on supply, demand and prices. 
4) Top-down tool. Identifies changes to the energy system and prices 
based on general macro-economic data. 
5) Bottom-up tool. Constructs the energy system based on demands and 
technologies available to find investment alternatives. 
6) Operation optimisation. Optimises the operation of an energy system 
based on a given parameter. Typically linked to simulation models. 
7) Investment optimisation. The tool identifies the optimal investment 
choices over a given period of time. This normally links to scenario 
tools. 
[52] 
This does an excellent job of illustrating the very different types of tools 
available and hence also the very different sets of underlying methodologies. 
In addition to these seven types, the available tools might not be able to 
analyse the whole energy sector, as do tools like WASP [55] and HOMER 
[53]. 
That provides a quite substantial number of available tools. Some work on 
lower-resolution temporal scales over a long period of time, such as 
MARKAL/TIMES [56] and RETScreen [57], while others, such as 
EnergyPRO [58], EnergyPLAN [34] and Sifre [59], focus on hourly 
simulations. Some have specific technical foci, such as EnergyPRO [58], 
while others simulate the total energy system, for instance EnergyPLAN, Sifre 
and TIMES [34,56,59]. 
It is not within the scope of this thesis to assess whether all these tools are 
applicable for a smart city energy systems analysis. However, it is necessary 
to discuss how different tools could be applied, as this serves to help identify 
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how methodologies and tools can be developed to analyse the contextual 
aspects of smart city energy systems. 
The tools investigated should be able to model the whole energy system; they 
should also have the ability to provide a sensible degree of temporal resolution 
to model storage and renewable energy. This rules out the top-down tool and 
many of the scenario tools as being suitable for smart city energy systems 
analysis. To cover the different tools, the thesis discusses: 1) TIMES, which 
is a tool focusing on investment optimisation by building scenarios from a 
bottom-up approach; 2) Sifre, an operation optimisation tool developed by 
Energinet.dk that simulates a user-built energy system based on least marginal 
costs; and 3) EnergyPLAN, a tool that seeks to simulate a user-built energy 
system based on an analytically programmed understanding of the operation 
of an energy system.  
From [52], it is clear that not all tools focus on city energy systems, and of 
those that do, Homer [53] and TrnSYS [54] do not cover the whole energy 
system. The three chosen tools, Sifre [59], EnergyPLAN [34] and 
MARKAL/TIMES [56], can all work on a national, state or regional level. 
The discussion then highlights to what extent they can be applied to a smart 
city energy systems analysis. 
 
3.2.1. TIMES FOR SMART CITY  
ENERGY SYSTEMS ANALYSIS 
TIMES (The Integrated MARKAL-EFOM System) is an energy system 
analysis model developed by the International Energy Agency (IEA) [60]. The 
TIMES model is based on linear programming that enables the tool to choose 
least-cost energy systems [61]. It does this based on user-defined input 
regarding technologies and costs-to-construct scenario, with user-defined 
constraints to identify a partial equilibrium [56]. The overall principle is 
shown in Figure 3.1. 
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Figure 3.1 Basic principles of TIMES. Based on certain types of input, the TIMES model designs 
an energy system that develops over time. From this it is possible to extract output such as 
capacities, final energy and emissions. 
 
To conduct a TIMES analysis, the user has to define the energy demands in 
the system as well as potential development in these demands based on 
identified drivers, such as GDP and population growth [56]. The user also has 
to identify the available supply of primary energy and potential materials for 
industry. These have to be associated with a cost. It is possible to constrain the 
growth of demands and the supply of resources to restrict the output [56]. 
The third element of a TIMES analysis is that, through inputs of techno-
economic solutions, it determines the most efficient way to cover the 
demands. These solutions can rely on the available resources but can also be 
demand-reducing solutions such as energy savings. By providing a large 
amount of available solutions, TIMES is able to choose the least-cost solutions 
[56]. 
The user can also define constraints to the system through the modelling of 
policies: for example, 100% renewable energy systems or no carbon capture 
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and storage of coal. This then limits the technologies or fuels from which 
TIMES can choose [56].   
TIMES works over a user-defined time frame, but a normal setup is to build 
scenarios for energy system development over a period of several years. Thus, 
the time resolutions are typically split into periods, like, years, seasons, weeks 
and days [56]. While the model can work hourly, it seldom does due to the 
vast amount of computation this requires. Since TIMES is mostly applied to 
building scenarios over a 30-year time span, optimising in each hour over this 
time span will slow the calculations down. It is over this user-defined time 
frame that the model minimises net total costs. This is done based on net 
present values [56]. 
Thus, TIMES can create scenarios for energy systems based on bottom-up 
input. The discussion therefore moves on to whether it can be applied to smart 
city energy systems and whether it can encompass the main components in 
terms of smart grids, interconnection between grids, and storage. Thus, it is 
not the most suitable tool to investigate operation. It is, however, necessary 
for it to take the operation possibilities into account when making investments.  
TIMES has been applied to investigate energy scenarios for cities and 
municipalities in a few cases [62–64], such as for Pesaro, Italy [63], and 
Madrid, Spain [62]. Both cases, however, restrict themselves to only 
investigating parts of the energy system; the Pesaro case looked at households, 
the public sector and transport, while the Madrid article focused on 
transportation using hydrogen. The Pesaro case did look at heating, but did 
not investigate district heating. It is therefore hard to identify cases where 
TIMES has had a chance to identify smart city energy systems as a suitable 
scenario. 
Since the TIMES model, to a large extent, is an investment model that creates 
scenarios, the question is whether it can reasonably include smart city energy 
systems as a scenario. It is possible to set up a TIMES model to include gas 
grids, thermal grids and electricity grids; hence, it can include the grids present 
in a smart city energy system. However, due to the time resolution, TIMES 
simplifies the operation of the system so its calculation can be done without 
hourly resolution. TIMES regards energy as a single commodity, thus it 
inherently understands heating, electricity and gas to be the same unit. It 
therefore has difficulty handling energy as a waste product of a different 
energy product—for instance, heat as a waste product of electricity production 
in combined heat and power plants. There are work-arounds for this in 
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TIMES, but it can be difficult to model a system with co- or tri-generation 
where the main output changes over the course of the year [65].  
It is possible for the user to define time slices in TIMES [56], but since it is 
set up to handle general principles, it is normally divided into 6 to 12 slices, 
with varying resolutions for yearly, seasonal and daily situations [56]. Thus, 
it has difficulty dealing with storage since it needs a certain time resolution. 
In order to model storage, it is also necessary to keep track of the chronology. 
If TIMES does not model all hours of a year in the right order, it is simply not 
able to keep track of how the amount of energy stored changes over time. 
TIMES might be able to identify that in certain times of the year it is possible 
to store energy while in other times it might be possible to use stored energy, 
but it does not know if the two situations of charging and de-charging the 
storage will be in line with the storage capacity.  
Together, this makes it questionable whether a TIMES model will be able to 
consider smart city energy systems, since its technical setup cannot encompass 
the key characteristics of a smart energy system. The tool simply has issues in 
storing energy and connecting the different grids in the smart energy system. 
Similar problems exist in tools similar to TIMES that work on the same basic 
principles.  
 
3.2.2. SIFRE FOR SMART CITY ENERGY SYSTEMS ANALYSIS 
Sifre is an energy system analysis tool developed by the Danish transmission 
system operator Energinet.dk [59]. It is a linear programmed tool, but in 
contrast to TIMES, its goal is to simulate the operation of an energy system 
based on a sport market. It does this on an hourly level based on user-defined 
input regarding demands, distributions of demands and specifications of 
energy-producing units. 
The tool is set up so that the user defines a number of areas [59,66]. These 
delimit all the demands the analysis looks at as well as the available fuel type. 
A distribution file is associated to each demand to disperse it out over the 
hourly differences over a year.  
Within each area, the user can specify the production units available. This can 
either be done by aggregating similar units or by modelling each unit 
individually. The production units are specified with energy inputs, energy 
outputs and certain restrictions to the production profile. This can be hours 
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without operation due to maintenance, production profiles for renewable 
energy whether a wind turbine can be curtailed or how fast a power plant can 
ramp up and down. The overall principle of the operation of Sifre is illustrated 
in Figure 3.2. 
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Figure 3.2 Basic principles of Sifre. Based on certain types of input, Sifre operates the energy 
system based on linear optimisation. It identifies the hourly operation over a year with the 
lowest marginal costs. The user defines the energy system. It provides outputs as primary 
energy, production costs and hourly balances. 
 
Since Sifre uses a linear optimisation principle, all technologies must have 
associated operation costs. The model simply cannot run without cost data. It 
can be as simple as only the cost of the fuel, but can also be expanded to 
include maintenance cost, loss of income due to down time, CO2 emissions 
and so on [59]. Thus, Sifre falls into the category of an energy system analysis 
tool that simulates the yearly operation of a user-defined energy system based 
on an operation optimisation using several short-term marginal costs. Sifre 
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does not include investment costs; the user should keep track of these 
consequences separately. 
Since Sifre uses marginal costs to identify the optimal operation of an energy 
system, it is not always operating the most efficient energy system from other 
perspectives; for instance, the use of primary energy [59]. The Sifre model 
therefore becomes sensitive to the cost inputs, and the nature of how the cost 
of fuel and electricity fluctuates should be taken into consideration [67].   
The energy production units used in Sifre are grouped into the following main 
categories: 
1) Power and heat production 
2) Variable renewable energy 
3) Heat pumps 
4) Electric vehicles 
5) Storage 
These main categories indicate a system in line with the smart energy system 
line of thought. It is also possible to be flexible within the categories, making 
Sifre capable of modelling power-to-gas technologies as well. Thus, it is a tool 
that could be suitable for smart city energy system analysis. It has for instance 
already been used on the case of Sønderborg [66]. Furthermore, the tool can 
model several energy systems as well as the interconnectors between them. 
This allows it to take some of the contextual aspects into account. 
One of the main issues with Sifre is that the tool is not readily available for 
researchers and planners. Currently, it is mainly used within Energinet.dk, and 
while they are keen to expand the number of users, all users must access the 
databases and solvers through an Energinet.dk certified computer. I therefore 
believe that while the infrastructure of the program is sufficient for smart city 
energy systems analysis, it is not ideal for research or local energy planning 
on a city or municipal level. In the first case, this is due to the difficulty in 
easily replicating results, and in the second case it is due to the lack of 
accessibility making it hard to ensure that local energy planning is conducted 
in a concise way across different municipalities.  
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3.2.3. ENERGYPLAN FOR SMART CITY  
ENERGY SYSTEMS ANALYSIS 
EnergyPLAN was developed at Aalborg University. It is an analytically 
programmed energy system analysis tool that simulates the hourly operation 
of an energy system over a year [34]. EnergyPLAN is primarily designed to 
assess national energy systems, as shown in examples for Denmark [21,68], 
China [29] and Ireland [22,23]. It has, however, also been applied to cases of 
cities [11], municipalities [40,41,69] and regions [70–72]. 
EnergyPLAN is set up for the user to determine several types of input. Based 
on this input, EnergyPLAN simulates the energy system based on both user-
defined and predetermined criteria to identify the output of the energy system. 
The user input criteria are energy demands, capacities and efficiencies of 
plants, fuel usage, CO2 emissions from fuels and costs. Furthermore, the user 
has the option to choose the simulation strategy and how to handle excess 
electricity [73]. Based on this input, EnergyPLAN delivers outputs on the 
performance of the energy system. The most used are typically the total annual 
costs of the system, the primary energy use, CO2 emissions, hourly balances 
of energy demand and production and the amount of excess electricity in the 
system [51]. 
Energy demands are associated with a given distribution file to disperse the 
demand across all hours of the year. The same is true regarding the production 
of variable renewable energy. In terms of production units, the model is set up 
to aggregate the available plants within each sector. This means that 
EnergyPLAN needs an aggregated input for all wind turbines, for all power 
plants and for all power-to-gas facilities. Within district heating, EnergyPLAN 
differentiates between large-scale combined heat and power plants, small-
scale combined heat and power plants and district heating networks with only 
boilers, providing three groups of district heating networks.  
Figure 3.3 illustrates the overall operation of an EnergyPLAN analysis. 
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Figure 3.3 Basic principles of EnergyPLAN. Based on certain types of input, EnergyPLAN 
operates the energy system based on either marginal costs or by a pre.determined merit order. 
Respectively economic and technical operation strategy. The technical strategy is constructed 
to limit fuel usage. The user defines the energy system based on a pre-set layout. It provides 
outputs as primary energy, production costs and hourly balances. 
 
One key feature in EnergyPLAN is that it is able to operate the energy system 
based on two different simulation strategies. The first is the technical 
simulation strategy. The main target is to reduce fuel consumption based on a 
predetermined order of operation. Besides this, the technical operation 
strategy has four different ways of operating the combined heat and power 
plants, whereby they can be operated to balance heat demands, to balance both 
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heat and electricity demands and to balance the production based on the triple-
tariff [34].  
The predetermined order of operation in the technical strategy follows this 
basic principle: 
1) Plants with no direct fuel usage; this means waste heat and variable 
renewable energy. 
2) Utilisation of energy in storage. 
3) Combined heat and power plants to produce electricity and utilise the 
waste heat. 
4) Power plants and boilers; these are determined to be the most 
inefficient units, as they only have one purpose. 
5) Import of electricity.  
Overall, these five steps seek to minimise the total fuel consumption in the 
system. 
The second simulation strategy is the market economic simulation. In this, 
EnergyPLAN simulates the energy system based on short-term marginal costs 
of a unit. This means that steps 2 to 5 from above become much more 
intertwined. In this strategy, EnergyPLAN will first use energy units with no 
short-term marginal costs. These are identified as waste heat plants and 
variable renewable energy units. Hereafter, based on user-defined inputs for 
marginal costs, EnergyPLAN identifies the least-cost unit in every given hour. 
It furthermore compares this to the external electricity market in order to 
import, export or store electricity. Overall, this simulates the energy system 
achieving the smallest marginal costs. 
EnergyPLAN has been used in several cases to simulate smart energy systems. 
This is mostly regarding countries, such as Denmark and Ireland, but also in 
the case of the city of Copenhagen. EnergyPLAN has been updated over time 
and with the concept of smart energy systems in mind. The current version 
can therefore simulate the electricity grids, thermal grids and gas grids, and 
also the necessary technology to convert between the grids. Storage 
technology has furthermore also been integrated, with both electricity storage, 
gas storage and thermal storage available. This makes EnergyPLAN suitable 
for smart city energy systems analysis. 
Furthermore, EnergyPLAN benefits from being freely available online, in 
addition to the fact that it can perform a technical analysis that can run without 
cost information. This makes it readily available to researchers and planners 
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to conduct their own smart city energy systems analysis. Furthermore, 
EnergyPLAN is able to model storage while balancing the charge and 
discharge cycle over a year, and chronologically know the amount of energy 
available in storage. 
One of EnergyPLAN’s strengths is its focus on one specific energy system. 
However, that does pose a challenge when looking at the context of a smart 
city energy system. As they are both based on solvers, TIMES and Sifre could 
just add surrounding energy systems, while EnergyPLAN does not simulate 
the surrounding energy system. The user has the option of adding a 
transmission cable and a price to the area, but it is not possible to model the 
specific layout of the surrounding energy system in EnergyPLAN. This poses 
a challenge in assessing how a smart city energy system influences the 
potentials of the surrounding country and cities that also want to make a 
renewable transition. 
 
3.3. CHOICE OF PRIMARY TOOL 
The description of the three possible tools highlights the importance of being 
able to do hourly simulations to assess the use of storage and renewable energy 
in a continuous matter over a given period, such as a year. This makes it hard 
to utilise TIMES as a tool for smart city energy systems analysis, since it might 
not be able to design an energy system for a smart city that fulfils the 
requirements defined in Chapter 2. 
Both Sifre and EnergyPLAN can simulate the smart city energy system and 
are as such suitable for conducting analyses of smart city energy systems. This 
thesis chooses EnergyPLAN as the main tool for analysing smart city energy 
systems. There are two main arguments for that. 
The first argument is the availability of the model. As mentioned, Sifre is 
currently not readily available to potential users, whereas EnergyPLAN is free 
to download, thus making it easier to both reproduce results and potentially 
implement the tool in local energy planning. 
The second argument comes down to a discussion of the technical and 
economical operation of an energy system. When moving towards energy 
systems with high amounts of variable renewable energy, basing the operation 
on short-term marginal costs is in all cases not the most ideal way forward, as 
variable renewable energy will introduce many technologies with basically no 
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short-term marginal costs [74]. These technologies instead have other 
associated costs related to their intermittency. These costs are not considered 
in an operation based on short-term marginal costs. Instead, a short-term 
marginal cost simulation of an energy system with a high share of renewables 
tends to produce as much electricity as possible and export it to the 
surrounding systems. This approach is highly sensitive to changes in price, 
but also sensitive to the overall development in all energy systems. With more 
systems that develop towards increasing variable renewable energy systems, 
the utilisation of cables and interconnectors will change compared to today’s 
energy systems. Electricity production potentially would not come down to 
short-term marginal costs. Both the EnergyPLAN economic simulation and 
Sifre operate based on reaching the lowest short-term marginal costs.  
The alternative is to approach the smart city energy system from a technical 
perspective. This is possible through EnergyPLAN. Here, the goal is to 
minimise fuel use. Like the simulation based on short-term marginal costs, 
this will result in a high use of variable renewable energy, but instead of 
marginally deciding between power plant production, import or export, it 
chooses technologies based on certain principles. The technical approach 
prioritises production units that utilise electricity and production units that 
result in co-production. This means that combined heat and power plants are 
specifically prioritised over power plants and that heat pumps are used 
specifically to handle excess electricity instead of exporting it. The technical 
simulation will furthermore seek to utilise storage in the thermal grid, gas grid 
and electricity grid in every situation where it can replace a power plant or a 
boiler. These basic principles focus on the investigation of the feasibility of 
smart energy systems. The economic simulation potentially does not prioritise 
storage or technologies that link the different grids. This thesis therefore 
analyses smart city energy systems using the technical simulations in 
EnergyPLAN. 
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CHAPTER 4. ANALYSING 
CONTEXTUAL ASPECTS OF SMART 
CITY ENERGY SYSTEMS 
The goal of this thesis is not only to analyse smart city energy systems, but 
also to investigate the identified contextual aspects. Each section in this 
chapter identifies how EnergyPLAN can be applied to analyse the contextual 
aspects of smart city energy systems. 
 
4.1. SYSTEM INTEGRATION CONTEXT 
The first contextual aspect of smart city energy systems investigated in this 
thesis is the system integration context. This aspect seeks to investigate the 
importance of system integration and how the implementation of technologies 
is affected by this system integration. 
To investigate this, the system integration must be modelled. Regarding the 
aspects of smart energy systems and smart city energy systems, this should 
follow the steps outlined in Chapter 3 for increasing system integration. This 
will enable the user to investigate the system integration context without the 
geographical aspect, which is in any case interesting in the implementation of 
smart city energy systems. 
The importance of integration is identified in Chapter 3, but can be further 
investigated in relation to this thesis. The system integration benefit is 
therefore analysed by investigating outputs from optimisation models and 
investigating whether more efficient solutions can be found with a higher level 
of system integration. Specifically, the thesis links the use of TIMES with the 
use of EnergyPLAN to investigate heating scenarios. Furthermore, when 
investigating smart cities, not all resources are necessarily available. The 
system integration benefit should therefore be seen in this relation.  
Another important aspect of the system integration context is that the 
technologies implemented in the smart city energy system interact with the 
principles of smart electricity, thermal and gas grids that are all 
interconnected. Thus, when implementing technologies, they should work 
within an environment that includes district heating and the utilisation of 
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waste heat, for instance from combined heat and power plants [14]. This single 
technology integration context of smart city energy systems must be 
investigated. This is done through the study of implementing specific 
technologies in the system design of smart city energy systems. The goal is to 
see how well certain technologies integrate into a smart city energy system. 
Through the design of models of smart energy systems, it is possible to lay 
down the system integration context in which the technology should be 
implemented. In this context, the performance of a single technology and the 
different sizes of these technologies should be measured to identify how they 
depend on the design parameters of the smart city energy system. Since the 
thesis focuses on the technical aspects of the system, especially fuel usage, 
CO2 emissions and excess electricity are interesting to measure. The fuel use 
and CO2 emissions specify the degree by which the performance of the 
technology is affected by the smart city energy system design. Thus, they also 
work as parameters for tweaking the implementation of the technology to gain 
the highest level of performance. The excess electricity could be relevant to 
use in order to see how the implementation of the given technology potentially 
affects the geographical context of the smart city energy system. 
EnergyPLAN has been used in several cases to test how different technologies 
affect the performance of energy systems. Examples are heat pumps, vehicle-
to-grid, storage solutions, and energy savings [17,33,36,75]. EnergyPLAN 
enables the user to set up a model of an existing energy system, in this case of 
a smart city energy system, and within that model, rapidly introduce new 
technologies. Based on the output, users can analyse how the new technology 
works within the system integration context of the smart city energy system.  
The goal of investigating the system integration context is both to analyse the 
palette of available technologies but also to see the specific performances so 
that the planners of smart city energy systems can make conscious choices in 
terms of determining what technologies to implement in the local energy 
system. It also shows the benefits of integrated energy systems. Chapter 5 
discusses an example of the implementation of heat savings in a system with 
smart thermal grids and smart electric grids. 
 
4.2. GEOGRAPHICAL CONTEXT 
As mentioned in Chapter 3, EnergyPLAN in its basic form focuses on a single 
energy system in its approach. In other words, EnergyPLAN can be used to 
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simulate the energy system of a country, a region or a city, but the tool cannot 
assess the link between two different energy systems. 
EnergyPLAN can primarily model an external energy system by defining the 
transmission capacity to an external electricity market with a defined 
electricity price. In the economic simulation strategy, EnergyPLAN can 
exchange electricity with this external market based on the price levels. In the 
technical simulation strategy, EnergyPLAN will export electricity in hours 
with excess electricity production. Imports of electricity will only happen in 
hours with insufficient capacities. This approach is not quite sufficient to 
assess the geographical aspect of smart city energy systems. It does not take 
into account the layout of the surrounding energy system, as it assumes that 
sufficient capacity is available, and it is not possible to assess the overall 
impact on resources. 
To assess this geographical context, other approaches have been used in city 
or municipal analyses made with EnergyPLAN.  
The research revolving around the Aalborg Energy Plan tries to assess a 100% 
sustainable energy system for the municipality of Aalborg [41]. The study 
creates a system that is sustainable within the municipal borders, with the 
assumption that the system is connected with the remainder of Denmark in 
order to exchange electricity. This establishes a certain set of principles in 
terms of capacities and transmission. However, there is no assessment of the 
impacts on the remaining Danish energy system. The research does, however, 
discuss the role of industrial waste heat and the allocation of demands between 
a city and the remaining country. The discussion revolves around Aalborg 
Portland, a large cement factory located on the outskirts of the city of Aalborg. 
Should you allocate all the energy demands of the factory to the municipality 
of Aalborg, even though many of the products are shipped outside the city? 
And if you do not allocate all the energy demands to the city of Aalborg, can 
you then allocate all the excess heat to Aalborg? 
The Aalborg Energy Plan study chose to assume that the industrial demands 
of Denmark were allocated evenly based on the population in all cities and 
municipalities [76]. This resulted in a lower energy demand for industry in the 
given model. However, it still utilised all the waste heat from Aalborg Portland 
in the city’s district heating grid, based on the fact that it cannot be utilised in 
other cities. This difference in allocation highlights some of the issues of this 
approach. While it is sound to allocate certain demands (or capacities) based 
on population averages, it becomes harder to justify a specific local usage of, 
for instance, waste heat. This approach to the problem is therefore not ideal 
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when assessing the interplay between a local energy system and a national 
energy system. 
In relation to the project Energy City Frederikshavn, an EnergyPLAN model 
was created for the municipality of Frederikshavn, Denmark [40,69]. Since 
Frederikshavn has no main power plant production, it is reliant on power from 
the surrounding remainder of Denmark during certain hours. To account for 
this, instead of using a transmission cable, a nationwide power plant was 
modelled in EnergyPLAN. That served as the backup capacity and illustrated 
the right fuel mix for the Danish energy system. While this approach illustrates 
the potential impact a plan can have on power plant production in a country, 
it still does not take into account how these power plants have to operate for 
the remainder of the country. The approach is furthermore limited in that it 
cannot take new renewable energy capacity in the remainder of Denmark into 
account. This approach is therefore also not suitable to assess the geographical 
context. 
The Copenhagen Energy Vision [11], which modelled a future 2050 plan for 
Copenhagen, Denmark, in EnergyPLAN, approaches the geographical aspect 
qualitatively. Here, the researchers identified the energy system for 
Copenhagen based on a national Smart Energy System approach to Denmark 
[68]. The researchers assessed the city’s role in the energy system, then 
identified potential solutions that also took into account the fact that certain 
resources will be abundant while others will be scarce. While this approach 
most likely creates a sufficient split in resources between the city and the 
country, it cannot asses the specific impact of the smart city energy system on 
the surrounding country. 
The plan for Aalborg, Frederikshavn and Copenhagen all stress the 
importance of not running these systems as islands. They emphasise that they 
should all be seen in relation to Denmark. However, it is not possible to 
analyse this in their current setup. Thus, based on this discussion and in 
relation to the PhD study, a new tool is developed instead. This tool should 
have the ability to enable the user to assess the geographical context between 
two geographical areas; for instance, a smart city energy system and the 
surrounding cities and rural areas. Appendix A describes the development of 
the tool, MultiNODE, and Appendix B contains the documentation of the 
current version of the MultiNODE tool that is bundled with the EnergyPLAN 
tool. The MultiNODE tool works as an add-on to EnergyPLAN and uses the 
EnergyPLAN framework to perform the system calculations. Thus, the 
MultiNODE tool can be seen as a tool that can link several EnergyPLAN 
analyses to each other.  
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The key principle of the current version of MultiNODE is that through a star 
network (see Appendix A) and with a user-defined merit order, the exchange 
of electricity between systems can be identified. This exchange relies on 
creating a balance between the excess electricity produced in some systems 
and the need to import electricity in other systems. The excess electricity 
comes from combined heat and power plants, waste incineration and variable 
renewable energy. The need for import is determined as either situations with 
insufficient power plant capacity or situations with production of electricity 
on power plants.  
In the current version, the tool will only exchange electricity if both situations 
occur. Therefore, it will not ramp up a power plant in one system to fill under-
production of electricity in another system. Thus, the tool examines how 
excess electricity can be used and does not guarantee the balancing of 
production and demand in all hours in all systems. In the long run, this feature 
can be implemented in the system, but it is not key to investigating how the 
smart city energy system interacts with the surrounding systems. The user just 
has to be aware that remaining excess electricity can result in the curtailment 
of wind power, and that a lack of capacity can result in an increase of power 
plant production. Both of these are related to the overall system operation and 
not to the interplay between the smart city energy system and the surrounding 
energy system. 
The tool is not limited to the relations between cities and countries. The same 
situations and choices have to be analysed when discussing energy systems on 
a regional or cross-country scale. The tool is therefore designed to handle the 
general aspects of these issues. Countries do, for instance, have to investigate 
to what extent there is sufficient capacity in surrounding countries, or how 
much wind can actually be expected to be available at certain hours.  
 
4.3. TWO-DIMENSIONAL APPROACH TO SMART CITY 
ENERGY SYSTEMS 
The next part of the investigation is to combine the knowledge from the 
system integration context and the geographical context into a two-
dimensional approach to smart city energy systems. Thus, the study 
investigates the combination of an increased system integration in the local 
smart city energy system and compares it to the surrounding country and an 
increase in the transmission between the surrounding country and the smart 
city energy system. The surrounding country can potentially go through the 
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same integration steps at the same rate, but in specific cases it can be at a 
different rate. By doing this and using the MultiNODE tool, it is possible to 
see how the integration in the smart city energy system and surrounding 
energy system affect each other. 
The final part makes it possible to analyse to what extent a large system 
integration in a smart city energy system affects the utilisation rate of 
renewable energy and to what extent it will increase or decrease the use of 
scarce biomass resources. Thus, it becomes possible to not only investigate to 
what extent a given energy system of a city can benefit from increased system 
integration, it is also possible to investigate how the context of system 
integration could potentially benefit the total national energy system or 
provide challenges for the national energy system.  
This analysis provides the necessary offset to the main discussion of the thesis. 
Chapter 7 discusses and binds the thesis together based on this two-
dimensional approach. 
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CHAPTER 5. SYSTEM INTEGRATION 
AND SYSTEM DESIGN 
This chapter discusses the system integration context of smart city energy 
systems. The chapter reflects first on the necessity of system integration and 
why it is important to analyse system integration to be able to achieve the most 
efficient solutions. This is done based on the draft paper “Multi-model 
approach to analysing heating systems in low carbon energy systems: The case 
of Ireland” [77], found in Appendix F. 
The second section of the chapter reflects on the consequences an integrated 
energy system has on the system design. With the choice of system 
integration, the energy planner should acknowledge that the introduction of 
new technology not only affects a single sector but can also potentially affect 
the entire energy system (the single technology integration context). This 
aspect is discussed based on the paper “Energy saving synergies in national 
energy systems” [78], found in Appendix C.  
 
5.1. SYSTEM INTEGRATION BENEFITS 
To reflect on the necessity of investigating the benefits of system integration 
and the fact that the choice of tool is crucial, this thesis looks at the results 
from the paper in Appendix F, “Multi-model approach to analysing heating 
systems in low carbon energy systems: The case of Ireland” [77].  
The initial intent of the study in Appendix F is to apply both TIMES and 
EnergyPLAN to investigate potential heating scenarios for Ireland. This is 
with the acknowledgement that the Irish TIMES model is not set up to handle 
a large implementation of district heating, hence the Irish TIMES model is not 
ideal to investigate system integration [79]. Thus, EnergyPLAN provides 
insight into how system integration can improve a scenario. 
The Irish TIMES model is suited to investigating different scenarios under the 
constraints and economic inputs provided by the user. The study here takes 
the CO2-80 scenario for Ireland identified by the researchers at University 
College Cork [79] as the point of reference. However, due to the limitations 
of the Irish TIMES model, the CO2-80 scenario does not investigate all 
heating solutions for the future energy system in 2050 in Ireland. The study 
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utilises EnergyPLAN to convert individual heating in district heating and 
compares these results with the CO2-80 scenario, which primarily uses 
individual heating. The results from this study can be seen in Figure 5.1 and 
Figure 5.2. 
 
 
Figure 5.1 Comparison of fuel usage for the Irish CO2-80 scenario energy system based on 
either individual heating or district heating. [77] 
 
 
Figure 5.2. Comparison of annual costs for the Irish CO2-80 scenario energy system with 
individual heating and with district heating. [77] 
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Figure 5.2 shows that from a cost perspective it is possible to achieve a system 
with the same or lower total annual costs as in the case of the CO2-80 scenario, 
which is only with individual heating. Basically, this is achieved by reducing 
the variable costs for fuel and increasing investment costs due to the pipes of 
the district heating network.  
What Figure 5.1 shows is that the CO2-80 scenario becomes more efficient 
with the implementation of district heating than it was with individual heating. 
The district heating grid reduces the use of biomass, natural gas and oil 
through the operation of a more fuel-efficient system.  
Together, the study shows that the district heating system is not more 
expensive than the optimal system identified in the Irish TIMES model and it 
is in fact more fuel efficient. Together, these results show the importance of 
investigating the system integration context in smart city energy systems 
analysis and also of choosing the right tools for investigating the options. In 
cases where tools are used and they cannot investigate system integration, it 
is not certain that the most efficient system has been achieved. It must be the 
goal of smart city energy systems to be efficient, as this will allow for more 
options for the surrounding country and other cities wanting to transition to 
sustainable energy systems. 
 
5.2. SINGLE TECHNOLOGY INTEGRATION CONTEXT 
The paper in ref. [78] is in relation to the study carried out in [33], and both 
these studies discuss the implementation of energy savings in smart energy 
systems. The goal in ref. [33] is an investigation into the feasible amount of 
energy savings that can be implemented in a smart energy system that also 
utilises a large amount of waste energy. Ref. [78] specifically investigates the 
system consequences of performing energy savings. It tests how an energy 
system based on combined heat and power responds to the implementation of 
heat savings and electricity savings. This means it enables a discussion of how 
a key technology in the smart energy system responds to changes in the system 
design with changing energy demands. Thus, these are examples of how to 
investigate the single technology integration context when implementing a 
new technology in a smart energy system. In several cases, the energy system 
impact is not investigated for energy savings initiatives such as better 
appliances [80], lighting [81] and improved building stock [82]. 
CONTEXTUAL ASPECTS OF SMART CITY ENERGY SYSTEMS ANALYSIS 
52
 
The study in [78] is based on EnergyPLAN simulations of an energy system 
based on combined heat and power plants, with power plants and boilers to 
handle peak periods. The study then systematically changes the heat and 
electricity demands, respectively, and measures the performance of the energy 
system based on CO2 emissions and the primary energy supply. The study’s 
main target was to investigate the potential synergies between electricity and 
heat savings in an integrated energy system. This reflection carries over to the 
system design context of smart city energy systems, as it relies on the 
integration of the heat and electricity sector. 
Based on the methodology highlighted in [78], the study identifies that an 
integrated energy systems performance regarding energy savings is dependent 
on both the amount of savings but also on how savings are achieved across the 
different energy sectors. The results are highlighted in Figure 5.3. 
 
 
Figure 5.3 Comparison of reduction in primary energy supply, with respectively heat and 
electricity saving performed separately in two separate energy systems (scenario 1) and 
performed together in one energy system (scenario 2). The synergy effect reflects the influence 
of the system integration. [78] 
 
The results in [78] conclude that in an integrated energy system it is beneficial 
to not only look at heat savings or electricity savings alone; when both are 
integrated at the same time, a better utilisation rate is achieved. What is, 
however, crucial to highlight is that the smart energy system performance can 
benefit from the integration of energy savings or other technologies. Ref. [83] 
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shows this for heat pumps and Ref. [33] identifies that for energy savings, the 
least-cost smart energy system is identified at approximately 40% heat 
savings. This result can be seen in Figure 5.4. 
 
 
Figure 5.4. The marginal production costs of heating in a Danish 2050 smart energy system 
compared with the marginal costs of heat savings in the current Danish building stock and 
future Danish building stock. [33] 
 
In relation to smart city energy systems, these studies identify that the system 
design of integrated energy systems can benefit from the implementation of 
technologies other than those emphasised in the core principles of smart 
energy systems. The specific studies regarding energy savings and heat 
pumps, however, also show that equilibrium occurs.  
The smart city energy system relies on the interplay between the different 
sectors; that is, between the electricity, thermal and gas grids. Thus, the 
introduction of a new technology does not only affect one sector—it affects 
the whole energy system. For example, with the introduction of heat savings 
in a smart city energy system, the savings do not only affect the production of 
heat. Because of the integration between the sectors, a lower heat demand 
affects the production of, for instance, a combined heat and power plant, or 
how much excess electricity can be meaningfully converted to heat in a heat 
pump. 
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In such cases, it is important to note that the introduction of a technology 
might still make the energy system perform better to a certain extent, as 
illustrated in Figure 5.3. However, from the perspective of the system design 
context, the planner has to investigate how the introduction of a new 
technology relates to a smart city energy system and whether there are 
consequences from a system perspective. It is not sufficient to only look at 
potential heat savings; it is necessary to see to what extent the technology 
affects the overall performance of the energy system. When the whole energy 
system is taken into account, it is also possible to analyse possible measures 
that can improve the performance of the given technology. An example is 
shown in the results highlighted in Figure 5.3. Here, a system perspective 
makes it possible to see that the combination of heat and electricity savings 
improves the total benefit compared to the case where only one of the two 
occurred. 
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CHAPTER 6. LINKING A LOCAL 
ENERGY PLAN TO A NATIONAL 
ENERGY SYSTEM 
This chapter highlights the geographical contexts of the smart city energy 
systems analysis. The reflections are based on the results of the paper “Roles 
of local and national energy systems in the integration of renewable energy” 
[84], also found in Appendix D.  
The premise for the paper is that in the transition towards renewable energy 
systems and the reduction of CO2 emissions, there is a need for local and 
national energy planning [85,86]. Currently, the local energy planning in cities 
and municipalities emphasises specific targets within the city without relating 
these to the surrounding national energy system [39,45]. National planning, 
on the other hand, focuses on creating renewable energy systems for the 
country, and while they might indicate that local actions are important, they 
seldom create an action plan for different local regions [21,68,87]. 
The paper therefore uses the MultiNODE tool to link two local energy plans, 
one for Copenhagen [45] and for Sønderborg [39], with the case of national 
development in the CEESA energy system [68]. The Danish CEESA scenario 
is a national plan for Denmark based on the concept of smart energy systems. 
The goal of the paper is to see how the consequences of a specific local plan 
influence the national plan. In other words, the study investigates the 
consequences a local energy plan can have on the potential of the remainder 
of the country in terms of transitioning to smart city energy systems and smart 
energy systems. The study measures how well the systems connect by 
measuring how much excess electricity can be exchanged. 
The results are shown in Figures 6.1 and 6.2, with 6.1 being between 
Sønderborg and Denmark and Figure 6.2 between Copenhagen and Denmark. 
The paper investigates a local system based on smart energy systems, a smart 
city energy system and as two locally designed plans. 
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Figure 6.1 Amount of the excess electricity in Sønderborg and in Denmark that can be 
exchanged between each other. Reference scenario is based on the CEESA 2030 scenario, 
where the 2029 scenario is based on the concrete plan from Sønderborg. [84] 
 
 
Figure 6.2. Amount of the excess electricity in Copenhagen and in Denmark that can be 
exchanged between each other. Reference scenario is based on the CEESA 2030 scenario, 
where the 2025 scenario is based on the concrete plan from Copenhagen. [84] 
 
The results show that the locally designed Sønderborg system is better 
designed to integrate with the Danish smart energy system. The plan designed 
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by the Copenhagen municipality results in a lot of exportable electricity and a 
large use of biomass. Thus, the plan designed by Sønderborg creates much 
better resource utilisation. Tables 6.1 and 6.2 shows the consequences of the 
different plans in terms of fuel utilisation. 
 
Table 6.17. Total fuel outputs for all of Denmark. The table shows the fuel consumption for 
Sønderborg and the rest of Denmark following the CEESA 2030 scenario, and Sønderborg 
following its 2029 plan and the rest of Denmark following the CEESA 2030 plan. 
 Reference Sønderborg  
+ Rest of Denmark 
Sønderborg 2029  
+ Rest of Denmark 
Biomass [TWh] 62.13 62.52 
Natural gas [TWh] 22.90 22.17 
Oil [TWh] 43.81 43.81 
 
Table 6.2. Total fuel outputs for all of Denmark. The table shows the fuel consumption for 
Copenhagen and the rest of Denmark following the CEESA 2030 scenario, and Copenhagen 
following its 2025 plan and the rest of Denmark following the CEESA 2030 plan. 
 Reference Copenhagen  
+ Rest of Denmark 
Copenhagen 2025  
+ Rest of Denmark 
Biomass [TWh] 62.43 70.37 
Natural gas [TWh] 22.99 17.98 
Oil [TWh] 43.81 43.81 
 
When comparing this to the designed smart city energy system that serves as 
a reference in the model, the smart city energy system of Copenhagen in 
particular has a much better interplay with the surrounding energy system. The 
resource use is lower in the total system. The consequence for Copenhagen is 
that the city cannot use as much biomass in its energy system, but on the other 
hand it creates better opportunities for the surrounding country to achieve 
sustainable energy systems. 
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In terms of smart city energy systems, this study specifically compares 
specific local plans of Copenhagen and Sønderborg with a local development 
based on smart energy systems. The specific local plans, the Copenhagen 2025 
plan and the Sønderborg 2029 plan, to some extent implement the ideas of 
smart city energy systems, but an investigation into the plans shows this is in 
neither case their sole emphasis. Instead, the goal of the plans is only the 
development of a sustainable city or a city with net-zero emission of CO2. The 
plans themselves do not investigate the link between the local smart city and 
the national energy system. As such, they do not take the geographical context 
into account and it is difficult to say to what extent the plans leave room for 
the local development of other cities and municipalities. 
The paper provides an insight into this geographical context of smart energy 
systems. From looking at the results, it is clear that the Copenhagen 2025 plan 
might create a sustainable local system, but it hinders the development of other 
cities, as it uses too much biomass. This is especially a problem when the 
system is not able to interact with the surrounding energy system to the same 
extent as a smart city energy system. The Sønderborg systems perform more 
or less equally in the smart city energy system and the Sønderborg 2029 plan. 
The Sønderborg 2029 plan, however, also places an emphasis on not 
importing biomass from other regions to reach a CO2 neutrality target, as is 
the case for the Copenhagen 2025 plan. This gives the city the freedom to 
design an integrated energy system that allows for better interaction with the 
surrounding country. 
This paper therefore emphasises why it is important to take the geographical 
aspect of a city into account. Within a narrow scope of the city itself, it might 
be possible to achieve renewable or sustainable targets, but the choices affect 
the possibilities left behind for the remaining municipalities and cities in the 
country. When analysing geographical context, city planners can identify how 
the plan interacts with the rest of the country, and thus not only consider local 
targets but also help contribute to the national targets in a way that does not 
limit opportunities for other cities.  
Based on this paper and the use of the MultiNODE tool for EnergyPLAN, it 
is possible to identify when a local system over-utilises one resource, such as 
Copenhagen using too much biomass. This would be possible to identify to a 
certain extent without the tool, but the tool adds the necessary perspective of 
how flexible the local system is when it interacts with the surrounding national 
energy system. The results show that Sønderborg provides a more flexible 
system than Copenhagen, as well as a system that works better in relation to 
the national energy system. In order to justify Copenhagen’s use of biomass, 
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it would have had to be in correlation with the national energy system 
development and part of the process of creating a flexible Copenhagen energy 
system. 
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CHAPTER 7. SYSTEM INTEGRATION 
AND SYSTEM INTERCONNECTION 
This chapter discusses smart city energy systems in terms of the geographical 
context and system integration context. The basis for the discussion is the 
concept highlighted in Figure 1.1, namely that a smart city energy systems 
analysis should be seen from the point of view of the city and the interplay 
between the two contextual aspects. This interplay between the cross-sector 
system integration and system interconnection between two geographic 
locations is examined in the paper “Cross-border versus cross-sector 
interconnectivity in Renewable Energy Systems” [88], found in Appendix E. 
The paper provides the basis for discussing the benefits of system integration 
in relation to system interconnection. The paper leads into a broader 
discussion on the analysis and planning for smart city energy systems. The 
papers offset is that in many cases there has been a division between looking 
at system interconnection, for instance between countries [89–92], and system 
integration, for instance between the gas, thermal and electricity grids [75,93–
95].  
The system integration of smart energy systems seeks to utilise excess energy 
originating from one energy sector in another. One example is the use of 
excess electricity from renewable energy to supply heat and transport 
demands. Thus, it can be an alternative to exporting electricity through cables. 
For smart city energy systems, it is relevant to investigate the system 
integration context based on what options the city has to integrate the different 
parts of the energy sector. This is compared to the extent to which it needs to 
interplay with the surrounding energy system. 
Ref. [88] analyses this comparison between utilising excess electricity within 
the energy system by integrating different sectors and importing and exporting 
excess electricity. With the increasing amount of excess electricity in energy 
systems as they transition to more and more renewable energy sources, it 
becomes increasingly relevant to investigate how to utilise this excess. Two 
primary strategies are either system integration or the interconnection between 
countries. [96] To analyse these two scenarios, the paper investigates two 
archetypical energy systems, one representing a southern system and one 
representing a northern system. This enables the study to consider the 
difference in electricity production due to weather patterns. 
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The study uses a combination of the MultiNODE tool and the EnergyPLAN 
analyses to investigate both the transmission of electricity and the specific 
performance of these energy systems before and after the transmission of 
electricity. The goal is to see to whether and to what extent either system 
integration or system interconnection provide the greatest benefits for the 
energy systems. 
Figures 7.1 and 7.2 show the primary results from the analysis. From this, it 
is possible to see that system integration provides a higher benefit for the 
northern and southern systems compared to system interconnection. Increased 
system integration reduces the use of primary energy more than system 
interconnection. An interesting aspect is that system integration also leads to 
a lower utilisation rate of transmission cables. More electricity is simply used 
internally in the energy system.  
In an energy system with only individual boilers, power plants and renewable 
energy, the systems benefit much more from cables, as there is a clear 
prioritisation of the use of renewable energy. In an integrated energy system, 
this utilisation is much more complex, and in many cases, it becomes more 
clear that it should be used it in heat production or electric vehicles. 
 
Figure 7.1 Benefit of increased system integration and benefit of system interconnection at each 
scenario. [88] 
2.51%
0.49% 0.64%
0.98%
0.0%
1.0%
2.0%
3.0%
4.0%
5.0%
0 MW 9000
MW
0 MW 9000
MW
0 MW 9000
MW
0 MW 9000
MW
Reference CHP+Storage Heat pumps Evs
0
150
300
450
600
750
R
ed
u
ct
io
n
 in
 p
ri
m
ar
y 
en
er
gy
Scenario
P
ri
m
ar
y 
en
er
gy
 [
TW
h
]
Fluctuating renewable energy Fuel consumption Benefit
CHAPTER 7. SYSTEM INTEGRATION AND SYSTEM INTERCONNECTION 
63 
 
Figure 7.2 Utilisation degree of variable renewable energy at the different scenarios for system 
integration and system interconnection.. [88] 
 
The study thus emphasises that from an overall perspective, system integration 
creates better technical performance for the energy system than segregated 
sectors and that the interconnectors increase the usage of renewable energy.  
The study shows, with the emphasis placed on smart city energy systems, that 
to operate an energy system most efficiently, the city should have an 
integrated energy system. An energy system in a city with low integration 
between the energy sectors will not create a more efficient use of the variable 
renewable energy production, even if it has a high level of interconnection. 
Such a system might exchange more electricity, but it is potentially at the cost 
of fuel efficiency. Instead, a highly integrated energy system for the city is a 
much more efficient solution. With a focus on the integration context of smart 
city energy systems, it is possible to identify solutions using district heating 
and heat pumps, as well as electric vehicles with smart charge technology [31]. 
These technologies are necessary to create a more efficient use of variable 
renewable energy that does not put a strain on scarce resources such as 
biomass [68,71]. The local energy planner should therefore strive to create a 
city in which system integration allows for the usage of variable renewable 
energy. 
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When combining the knowledge from Chapter 5 and Chapter 6, it becomes 
possible to identify solutions as to how the combination of the geographical 
context and the system integration context can improve the planning of smart 
city energy systems. 
The analysis in Chapter 5 shows that system integration results in more 
efficient solutions; thus, for the local energy planner, it is essential to 
investigate what options the city has for system integration and utilise these 
potentials. In that regard, system integration also defines the framework for 
the implementation of other important solutions. For instance, with the 
implementation of energy savings in the heating, and the electricity sector, the 
smart city energy system affects how much the system can benefit from 
changes in demands.   
The risk the planner takes by not including the system integration context in 
assessing the implementation of technologies is that the best performance is 
not achieved. If, for instance, the implementation of heat savings is not related 
to the performance of the integrated energy system, the planner will miss out 
on the situation where a combined heat and power plant must produce 
electricity due to an electricity demand. Thus, the energy planner must 
consider the system integration context of smart city energy systems to avoid 
situations of sub-optimisation.  
Chapter 6 analyses the geographical context of smart city energy systems. 
Both the Copenhagen and Sønderborg case are not designed with the 
surrounding country in mind, but the Copenhagen case most clearly illustrates 
the issues of not considering the geographical context of designing Smart City 
Energy Systems.   
The Copenhagen 2025 plan designs a local energy system that relies on large-
scale biomass-fired combined heat and power plants. These units must 
produce a specific amount of excess electricity to offset the CO2 emissions 
from the transport sector, which the plan does not address. The plan does 
implement some amount of heat savings, as well as some renewable energy. 
The consequence of the plan is, however, that due to the size of the biomass-
fired combined heat and power plant, the Copenhagen plan utilises so much 
biomass that the rest of Denmark cannot make a sustainable transition to 100% 
renewable energy. Copenhagen uses more than what the total Danish system 
can sustain. In a bubble, Copenhagen achieves CO2 neutrality with the 2025 
plan, but it does this at the expense of the remainder of Denmark. Thus, not 
taking the geographical context into account can potentially lead to solutions 
that are unsustainable on a national scale. 
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The geographical context can also help in assessing the technologies chosen. 
The Copenhagen plan implements large combined heat and power plants that 
require a certain load due to the heat demands in Copenhagen thus producing 
electricity in hours with too little demand that can only be exported. However, 
the MultiNODE tool allows the local energy planner to see that if the rest of 
Denmark transitions to a smart energy system, there are not many situations 
where this export makes sense from a technical point of view. Thus, the 
Copenhagen plan does not allow for integration with the rest of the country. 
If the urban systems can seek integration locally and be sufficiently flexible 
to utilise interconnection to the surrounding systems, more efficient solutions 
can be achieved. This means that the implementation of renewable energy, 
such as wind turbines, in one system can be utilised in an urban area with more 
electricity demand. This is shown in the Sønderborg case, where 
interconnection leads to an efficient energy system that does not limit the 
opportunities for the surrounding country. The study in Chapter 6 also shows 
that a Copenhagen system with more heat pumps would enable better 
integration, as Copenhagen would then have to import more electricity from a 
country with plenty of excess instead of producing more excess electricity to 
a system with plenty due to large amounts of variable renewable energy 
production from wind turbines. 
The final point that is important to mention in relation to the geographical 
context is that the surrounding country should also leave room for the 
development of the city. This means that pathways for the national energy 
system should be designed so that the smart city energy plans can operate 
within them without jeopardising the plan. Furthermore, the plan needs to be 
so concrete that the smart city energy systems can make the right decision. To 
be able to achieve 100% renewable energy systems on a national level, most 
countries would need the right local action from local planning authorities. 
This specific discussion has not been investigated in detail in this thesis, but 
needs to be in place to enable the smart city planner to make the right analyses. 
The national energy planning has an important role to play in terms of being 
the one who guides the overall energy system development. 
The analysis in Chapters 5 and 6, combined with the discussions above, 
illustrate that both the system integration context and the geographical context 
are important in the analysis and planning of smart city energy systems. 
However, the initial analysis and discussion here in Chapter 7 illustrate that it 
is equally important to utilise both the contextual aspects together in the 
planning of smart city energy systems. By investigating the system integration 
and the geographical contextual aspects of the same smart city energy system, 
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it is possible to achieve the most efficient solutions in terms of increasing 
system integration, but also always in relation to how it affects the surrounding 
country and how much interaction it enables between the system. This 
interaction should lead to an overall system efficiency that not only benefits 
the local energy system, but also the national energy system. In some cases, it 
might even be necessary to sacrifice performance in a local energy system if 
it can improve the national energy system. 
The combination of system integration and an overview of geographical 
interconnection opens up the possibility of achieving sustainable solutions 
both in the city and for the surrounding country.  
One benefit of this approach is that different development strategies can be 
assessed, both for the city and for the country. By assessing these alternatives, 
it is possible to define the choices [31] the city has and relate them to the 
possible developments the national energy system might experience in the 
future. This enables the city to act, even in an environment where other cities 
have not started acting yet or the national plans are not fully developed. 
It can potentially be a problem if those who act first do not leave room for the 
rest of the country to achieve 100% renewable energy systems, but on the 
other hand, if everybody waits, then nothing will be achieved. The 
combination of system integration and the geographical aspect, alongside the 
assessment of different alternatives, makes it possible for the city to act based 
on an actual assessment of the surroundings instead of acting based on a 
narrow-minded city-only focus. The study in this chapter as well as Chapter 5 
illustrates that local system integration allows for the most efficient systems. 
Thus, local smart city energy systems should strive towards system 
integration, as the most efficient systems with many flexible technologies 
leave the greatest room for the remainder of the country’s energy system to 
develop along the path of 100% renewable energy systems. These systems 
have the potential to act together across geographical borders with the 
remaining energy systems, as they include a broad number of technologies 
that act cross-sector. This creates a flexibility in which systems can potentially 
act together. Thus, wind energy can be used not only in a local system but also 
in an efficient smart city energy system in the neighbouring municipality. This 
once again emphasises the necessity of investigating not only the geographical 
context and the system integration context separately, but also including both 
to get a two-dimensional view of the development of smart city energy 
systems. 
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CHAPTER 8. CONCLUSIONS 
Through the works within this thesis, the conclusions can be divided into three 
main categories: a theoretical conclusion, reflecting on the concept of smart 
city energy systems and the need for an analysis of the contextual aspects; a 
methodological conclusion that discusses the use of EnergyPLAN and the 
MultiNODE tool as a methodological approach to the analysis of smart city 
energy systems and the contextual aspects of smart city energy systems; 
finally, the analytical conclusion will extract the main conclusions from the 
analyses of smart city energy systems and the contextual aspects. 
 
8.1. THEORETICAL 
This thesis investigates the concept of smart city energy systems, which is the 
idea of achieving 100% renewable energy systems for a smart city through the 
application of the concepts of smart energy systems.  
Many cities have plans for transitioning their energy system towards targets 
associated with renewable energy, such as sustainable cities, CO2-neutral 
energy systems and systems with 100% renewable energy. Most of these 
targets centre on the city itself and on achieving local renewable or 
sustainability targets. However, one of the key messages from this thesis is 
that these targets cannot be seen only from a local perspective. For a local 
energy system to be sustainable, it cannot leave the surrounding country worse 
off, nor can a local 100% renewable energy system be a good system if it 
eliminates other systems’ potential for achieving the same targets.  
Therefore, to assess the smart city energy system, the planner cannot only 
investigate the performance of the city itself. Instead, the planner must include 
the context of the smart city energy systems. 
Two crucial contextual aspects are identified in the thesis. The first is the 
system integration context and the second is the geographical context. As the 
smart city energy system relies on system integration, the researcher or 
planner should identify to what extent the local system benefits from the 
system integration and identify how technologies fit within the integrated 
energy system. This aspect enables the researcher to assess how the system 
design affects the overall performance of the energy system. 
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In the analysis of smart city energy systems, the geographical aspect must be 
considered in order to be able to consider the development of the smart city in 
relation to the remainder of the country. When analysing geographical context, 
there are two main purposes: the first is to see whether the smart city energy 
system limits the development of the surrounding country. This could be in 
terms of the use of resources. The second is how well the city interconnects 
with the surrounding energy system. This reflects how well  resources can be 
exchanged between the two systems.  
The two contextual aspects should in the end be related to each other to 
achieve the solution for a smart city energy system that both utilises system 
integration within the city and integrates with surrounding energy systems 
using interconnection. By not identifying solutions for only the city itself, the 
analysis of the contextual aspects enables the identification of solutions that 
fit within development of the overall national energy system. 
 
8.2. METHODOLOGICAL 
To analyse the contextual aspects of smart city energy systems, a 
methodological approach is identified. The smart city energy systems should 
be modelled in an energy system analysis tool. The tool identified must be 
able to model the city’s energy system, must be able to focus on system 
integration and should be able to link systems to each other. 
From a methodological point of view, the key point of the investigation of the 
system integration aspect is to see how different technologies correspond to 
the integrated energy system. Thus, the user should identify how the 
performance of the smart city energy system changes with the implementation 
of different technologies. To systemise this, the user should model an 
increasing implementation of a technology in steps to identify to what extent 
the specific technology can be implemented within the core principles of smart 
energy systems. In this thesis, the EnergyPLAN tool is used to investigate the 
performance of the smart city energy system and the system integration 
context. 
One of the main outcomes of the thesis is the development of a new tool to 
investigate the geographical context of smart city energy systems. The tool 
development was initiated because, currently, the available models able to 
undertake system interconnection cannot consider the whole energy system, 
are not simulating hourly operation, or have a strictly cost-driven logic behind 
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their transmission. To analyse smart energy systems and smart city energy 
systems that operate on well-connected grids within the same electricity 
markets, it was deemed necessary to investigate the option of creating a tool 
that could theoretically identify in what situations there is an actual demand 
for import and export—that is, in what situations import and export make the 
systems more efficient. 
The MultiNODE tool developed is an add-on to EnergyPLAN and uses the 
EnergyPLAN framework to identify hours in which an energy system 
produces electricity it cannot utilise itself as well as other hours where the 
energy system has insufficient capacity or uses inefficient power plants. The 
surrounding energy systems are subjected to the same analysis and through a 
network, the tool matches these periods to find situations in which excess 
electricity can be transferred from one system to another. This approach is 
rooted in the smart energy systems framework, in which the integrated energy 
system seeks to utilise as much energy locally as it can before exporting that 
energy. The concept allows for the investigation of interconnection, based on 
the principles of smart energy systems, and allows for the analysis of 
interconnection without the implementation of an economic framework.  
This is one possible approach to the investigation of the geographical context, 
but it is also possible to investigate this based on other approaches, for instance 
based on short-term marginal costs. This thesis suggests one approach that in 
principle allows any model in EnergyPLAN to be linked with another. The 
approach can be further refined, as it currently does not differentiate based on 
power plant efficiency. Furthermore, more technologies can be considered to 
identify situations in which an energy system should import electricity.  
 
8.3. ANALYTICAL 
The thesis applied the theoretical framework and the methodological approach 
to several analyses and cases. These can be found in appendices C to F and 
are discussed in Chapters 5 to 7. The studies specifically discuss the 
integration context from the point of view of an integrated energy system 
based on electricity and heating and the geographical context of linking local 
energy planning in cities and municipalities with national energy planning. 
The final study furthermore investigates the interplay between system 
integration and geographical interconnection to investigate a two-dimensional 
approach to smart city energy systems (an approach that is going to be further 
investigated in the Re-Invest research project [97]).  
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When analysing smart city energy systems with the system integration context 
in mind, the studies show that system integration is more efficient than 
systems not including system integration. Within the scope of smart energy 
systems, it is more important that the studies show that system integration 
influences the performance of certain technologies. A certain technology 
might stop improving the system at a certain point, since different sectors are 
integrated. The contextual aspect of system integration is therefore crucial for 
the energy planner in terms of understanding the performance of the system 
and for the implementation of the right amount of a certain technology, as the 
integrated energy systems are more sensitive to changes. 
The studies show that the geographical aspect in relation to smart city energy 
systems is crucial to investigate in order to identify the actual performance of 
local energy systems. While a local system is potentially efficient within its 
local framework, it can easily result in limiting the options for the surrounding 
country by using too much of a single resource. The geographical context 
emphasises that the performance of the local energy system must be seen in 
relation to how it affects the performance of the surrounding energy system. 
One simple way of doing this is through evaluating the resources used and the 
remaining resources available. However, the thesis also shows that the 
interaction between the local and national energy systems is important. The 
systems should be designed so that they can interact with each other. If a 
system does not consider this interaction, it will reach a solution that also 
cannot fully utilise system integration. It is therefore necessary to investigate 
the geographical context from the perspective of hourly simulations of smart 
city energy systems and national smart energy systems. 
The final analysis of the thesis combines the geographical context with the 
system integration context to initiate a two-dimensional approach to the 
analysis of energy systems. This analysis shows that the system integration 
and geographical interconnection affect each other. In the case of countries 
with plenty of resources, the study shows that system integration in general 
leads to fewer situations where interconnection improves the system. 
However, it also shows that some interconnection increases performance, as 
not all technologies are readily available to both systems. In the city context, 
this effect is amplified since the technology discrepancy between a city energy 
system and a rural energy system is higher than that between two countries. 
Hence, here the system interconnection can play a crucial role in achieving all 
the benefits of system integration. System integration allows for more efficient 
energy systems that leave more room for the development of the surrounding 
energy systems, especially if these systems can interconnect. Since not all 
resources are available to all cities, system interconnection allows all systems 
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to also move towards system integration. Thus, more knowledge regarding the 
performance of the smart city energy system can be achieved through not 
limiting the analysis to only considering the two contexts individually, but 
also through combining them to investigate how the system benefits from 
system integration and how it benefits from system interconnection.  
While the idea of the two-dimensional approach is interesting on the city level, 
it becomes more relevant when discussing it on a country-to-country level, as 
a country has better resource access than a city. The two-dimensional 
approach is therefore interesting when performing further analyses on a 
continent level, especially in the light of ideas such as super grids. The two-
dimensional approach can potentially reveal that it is better to go for system 
integration than system interconnection in several cases. The study in 
Appendix E already suggests that such situations might occur, and it will be 
further investigated in the up-coming Re-Invest project [97].  
 
 
73 
LITERATURE LIST 
[1] Angelidou M. Smart city policies: A spatial approach. Cities 
2014;41:S3–11. doi:10.1016/j.cities.2014.06.007. 
[2] Ben Letaifa S. How to strategize smart cities: Revealing the SMART 
model. J Bus Res 2015;68:1414–9. doi:10.1016/j.jbusres.2015.01.024. 
[3] Angelidou M. Smart cities : A conjuncture of four forces. Cities 
2015;47:95–106. doi:10.1016/j.cities.2015.05.004. 
[4] De Jong M, Joss S, Schraven D, Zhan C, Weijnen M. Sustainable-
smart-resilient-low carbon-eco-knowledge cities; Making sense of a 
multitude of concepts promoting sustainable urbanization. J Clean 
Prod 2015;109:25–38. doi:10.1016/j.jclepro.2015.02.004. 
[5] Ahvenniemi H, Huovila A, Pinto-seppä I, Airaksinen M. What are the 
differences between sustainable and smart cities ? JCIT 2017;60:234–
45. doi:10.1016/j.cities.2016.09.009. 
[6] Jin D, Hannon C, Li Z, Cortes P, Ramaraju S, Burgess P, et al. Smart 
street lighting system: A platform for innovative smart city 
applications and a new frontier for cyber-security. Electr J 
2016;29:28–35. doi:10.1016/j.tej.2016.11.011. 
[7] Zhuhadar L, Thrasher E, Marklin S, de Pablos PO. The next wave of 
innovation—Review of smart cities intelligent operation systems 
2016;66:273–81. doi:10.1016/j.chb.2016.09.030. 
[8] Hui TKL, Sherratt RS, Sánchez DD. Major requirements for building 
Smart Homes in Smart Cities based on Internet of Things technologies. 
Futur Gener Comput Syst 2016. doi:10.1016/j.future.2016.10.026. 
[9] Mattoni B, Gugliermetti F, Bisegna F. A multilevel method to assess 
and design the renovation and integration of Smart Cities. Sustain 
Cities Soc 2015;15:105–19. doi:10.1016/j.scs.2014.12.002. 
[10] Calvillo CF, Sánchez-Miralles A, Villar J. Energy management and 
planning in smart cities. Renew Sustain Energy Rev 2016;55:273–87. 
doi:10.1016/j.rser.2015.10.133. 
[11] Mathiesen, Brian Vad; Lund, Rasmus Søgaard; Connolly, David; 
CONTEXTUAL ASPECTS OF SMART CITY ENERGY SYSTEMS ANALYSIS 
74
 
Ridjan, Iva; Nielsen S. Copenhagen Energy Vision 2050: A 
sustainable vision for bringing a capital to 100% renewable energy. 
Copenhagen, Denmark: 2015. 
[12] Aelenei L, Ferreira A, Monteiro CS, Gomes R, Gonçalves H, Camelo 
S, et al. Smart City: A Systematic Approach towards a Sustainable 
Urban Transformation. Energy Procedia 2016;91:970–9. 
doi:10.1016/j.egypro.2016.06.264. 
[13] Mosannenzadeh F, Bisello A, Diamantini C, Stellin G, Vettorato D. A 
case-based learning methodology to predict barriers to implementation 
of smart and sustainable urban energy projects. Cities 2017;60:28–36. 
doi:10.1016/j.cities.2016.07.007. 
[14] Lund H, Andersen AN, Østergaard PA, Mathiesen BV, Connolly D. 
From electricity smart grids to smart energy systems - A market 
operation based approach and understanding. Energy 2012;42:96–102. 
doi:10.1016/j.energy.2012.04.003. 
[15] Moretti M, Djomo SN, Azadi H, May K, De Vos K, Van Passel S, et 
al. A systematic review of environmental and economic impacts of 
smart grids. Renew Sustain Energy Rev 2016;68:888–98. 
doi:10.1016/j.rser.2016.03.039. 
[16] Kolokotsa D. The role of smart grids in the building sector. Energy 
Build 2016;116:703–8. doi:10.1016/j.enbuild.2015.12.033. 
[17] Lund H, Ostergaard PA, Connolly D, Ridjan I, Mathiesen BV, 
Hbelplund F, et al. Energy Storage and Smart Energy Systems. Int J 
Sustain Energy Plan Manag 2016;11:2016–3. 
doi:10.5278/ijsepm.2016.11.2. 
[18] Lund H, Hvelplund F, Østergaard P, Möller B, Mathiesen BV, 
Connolly D, et al. Chapter 6 – Analysis: Smart Energy Systems and 
Infrastructures. Renew. Energy Syst., 2014, p. 131–84. 
doi:10.1016/B978-0-12-410423-5.00006-7. 
[19] Connolly D, Lund H, Mathiesen BV. Smart Energy Europe: The 
technical and economic impact of one potential 100% renewable 
energy scenario for the European Union. Renew Sustain Energy Rev 
2016;60:1634–53. doi:10.1016/j.rser.2016.02.025. 
[20] Lund H, Mathiesen B V. Energy system analysis of 100% renewable 
LITERATURE LIST 
75 
energy systems-The case of Denmark in years 2030 and 2050. Energy 
2009;34:524–31. doi:10.1016/j.energy.2008.04.003. 
[21] Mathiesen BV, Lund H, Hansen K, Ridjan I, Djørup SR, Nielsen S, et 
al. IDA’s Energy Vision 2050: A Smart Energy System strategy for 
100% renewable Denmark. Aalborg, Denmark: 2015. 
[22] Connolly D, Mathiesen BV. A technical and economic analysis of one 
potential pathway to a 100% renewable energy system. Int J Sustain 
Energy Plan Manag 2014;1:7–28. 
doi:doi.org/10.5278/ijsepm.2014.1.2. 
[23] Connolly D, Lund H, Mathiesen BV, Leahy M. The first step towards 
a 100% renewable energy-system for Ireland. Appl Energy 
2011;88:502–7. doi:10.1016/j.apenergy.2010.03.006. 
[24] Gullberg AT, Ohlhorst D, Schreurs M. Towards a low carbon energy 
future - Renewable energy cooperation between Germany and 
Norway. Renew Energy 2014;68:216–22. 
doi:10.1016/j.renene.2014.02.001. 
[25] Østergaard PA, Soares I, Ferreira P. Energy efficiency and renewable 
energy systems in Portugal and Brazil. Int J Sustain Energy Plan 
Manag 2014;2:1–6. 
[26] Fernandes L, Ferreira P. Renewable energy scenarios in the Portuguese 
electricity system. Energy Environ Bringing Together Econ Eng 
2014;69:51–7. doi:http://dx.doi.org/10.1016/j.energy.2014.02.098. 
[27] Jacobson MZ, DeLucchi M, Bazouin G, Bauer Z a. F, Heavey CC, 
Fisher E, et al. 100% clean and renewable wind, water, and sunlight 
(WWS) all-sector energy roadmaps for the 50 United States. Energy 
Environ Sci 2015;8:2093–117. doi:10.1039/C5EE01283J. 
[28] Silva AS, Luiz F, Mansur AC, Vieira AS, Schaefer A, Ghisi E. 
Knowing electricity end-uses to successfully promote energy 
efficiency in buildings: a case study in low-income houses in Southern 
Brazil. Int J Sustain Energy Plan Manag 2014;2:7–18. 
doi:10.5278/ijsepm.2014.2.2. 
[29] Xiong W, Wang Y, Mathiesen BV, Lund H, Zhang X. Heat roadmap 
China: New heat strategy to reduce energy consumption towards 2030. 
Energy 2015;81:274–85. 
CONTEXTUAL ASPECTS OF SMART CITY ENERGY SYSTEMS ANALYSIS 
76
 
doi:http://dx.doi.org/10.1016/j.energy.2014.12.039. 
[30] Lin Y, Bie Z. Study on the Resilience of the Integrated Energy System. 
Energy Procedia 2016;103:171–6. doi:10.1016/j.egypro.2016.11.268. 
[31] Lund H. Renewable Energy Systems - A Smart Energy Systems 
Approach to the Choice and Modeling of 100% Renewable Solutions. 
2nd editio. Academic Press; 2014. 
[32] United Nations Population Fund. State of world population 2007 
Unleashing the Potential of Urban Growth. 2007. 
[33] Lund H, Thellufsen JZ, Aggerholm S, Wittchen KB, Nielsen S, 
Mathiesen BV, et al. Heat Saving Strategies in Sustainable Smart 
Energy Systems. Int J Sustain Energy Plan Manag 2015;4:3–16. 
[34] Lund H. EnergyPLAN Documentation Version 12. Aalborg, Denmark: 
2015. 
[35] Falahati S, Taher SA, Shahidehpour M. A new smart charging method 
for EVs for frequency control of smart grid. Int J Electr Power Energy 
Syst 2016;83:458–69. doi:10.1016/j.ijepes.2016.04.039. 
[36] Lund H, Kempton W. Integration of renewable energy into the 
transport and electricity sectors through V2G. Energy Policy 
2008;36:3578–87. doi:10.1016/j.enpol.2008.06.007. 
[37] Gough R, Dickerson C, Rowley P, Walsh C. Vehicle-to-Grid 
Feasibility: A Techno-economic Analysis of EV-based Energy 
Storage. Appl Energy 2017;Under Revi:12–23. 
doi:10.1016/j.apenergy.2017.01.102. 
[38] CITIES Innovation Center. Smart cities. 
Http://www.citiesinnovation.org 2017. 
http://www.citiesinnovation.org/100-by-2050/smart-city/ (accessed 
March 15, 2017). 
[39] ProjectZero. Masterplan 2029: ProjectZero for et CO2-neutralt 
Sønderborg-område. 2009. 
[40] Østergaard PA, Lund H. A renewable energy system in Frederikshavn 
using low-temperature geothermal energy for district heating. Appl 
Energy 2011;88:479–87. doi:10.1016/j.apenergy.2010.03.018. 
LITERATURE LIST 
77 
[41] Østergaard PA, Mathiesen BV, Möller B, Lund H. A renewable energy 
scenario for Aalborg Municipality based on low-temperature 
geothermal heat, wind power and biomass. Energy 2010;35:4892–901. 
doi:10.1016/j.energy.2010.08.041. 
[42] Lund H, Werner S, Wiltshire R, Svendsen S, Thorsen JE, Hvelplund 
F, et al. 4th Generation District Heating (4GDH). Energy 2014;68:1–
11. doi:10.1016/j.energy.2014.02.089. 
[43] Fischer D, Madani H. On heat pumps in smart grids: A review. Renew 
Sustain Energy Rev 2017;70:342–57. doi:10.1016/j.rser.2016.11.182. 
[44] European Union. Energy Roadmap 2050. vol. 1. 2012. 
doi:10.2833/10759. 
[45] City of Copenhagen. CPH 2025 Climate Plan. Copenhagen, Denmark: 
2012. 
[46] Vejle Kommune. Vejle’s Resilience Strategy. 2016. 
[47] Seattle Office of Sustainability and Environment. Seattle Climate 
Action Plan. Seattle, WA: Seattle Office of Sustainability and 
Environment; 2013. 
[48] Blasio B De, City of New York. One New York - The Plan for a Strong 
and Just City. 2015. 
[49] City of Oakland. Resilient Oakland. 2016. 
[50] Carbon City Neutral Alliance. Framework for Deep Carbon Reduction 
Planning. 2014. 
[51] Østergaard PA. Reviewing EnergyPLAN simulations and performance 
indicator applications in EnergyPLAN simulations. Appl Energy 
2015;154:921–33. doi:10.1016/j.apenergy.2015.05.086. 
[52] Connolly D, Lund H, Mathiesen B V., Leahy M. A review of computer 
tools for analysing the integration of renewable energy into various 
energy systems. Appl Energy 2010;87:1059–82. 
doi:10.1016/j.apenergy.2009.09.026. 
[53] Homer Energy. HOMER Pro Version 3.6 User Manual. 2016. 
CONTEXTUAL ASPECTS OF SMART CITY ENERGY SYSTEMS ANALYSIS 
78
 
[54] Solar Energy Laboratory. User Manual: TRNSYS 17 a TRaN sient 
SYstem Simulation program. vol. 3. 2009. 
[55] IAEA. Wien Automatic System Planning (WASP) Package: A 
Computer Code for Power Generating System Expansion Planning - 
Version WASP-IV - User’s Manual. 2001. 
[56] Loulou R, Remme U, Kanudia A, Lehtila A, Goldstein G. 
Documentation for the TIMES Model Part II. 2005. 
[57] Natural Resources Canada. RETScreen® Software Online User 
Manual. 2005. 
[58] EMD International. energyPRO - User Guide. 2013. 
doi:10.2307/2234838. 
[59] Energinet.dk. SIFRE: Simulation of Flexible and Renewable Energy 
sources. 2015. 
[60] Deane JP, Chiodi A, Gargiulo M, Ó Gallachóir BP. Soft-linking of a 
power systems model to an energy systems model. Energy 
2012;42:303–12. 
[61] Taylor PG, Upham P, McDowall W, Christopherson D. Energy model, 
boundary object and societal lens: 35 years of the MARKAL model in 
the UK. Energy Res Soc Sci 2014;4:32–41. 
doi:10.1016/j.erss.2014.08.007. 
[62] Contreras A, Guervós E, Posso F. Market penetration analysis of the 
use of hydrogen in the road transport sector of the Madrid region, using 
MARKAL. Int J Hydrogen Energy 2009;34:13–20. 
doi:10.1016/j.ijhydene.2008.10.031. 
[63] Comodi G, Cioccolanti L, Gargiulo M. Municipal scale scenario: 
Analysis of an Italian seaside town with MarkAL-TIMES. Energy 
Policy 2012;41:303–15. doi:10.1016/j.enpol.2011.10.049. 
[64] Lind A, Espegren K. The use of energy system models for analysing 
the transition to low-carbon cities – The case of Oslo. Energy Strateg 
Rev 2017;15:44–56. doi:10.1016/j.esr.2017.01.001. 
[65] Grohnheit PE, Karlsson K, Føyn HY. IEA-ETSAP TIMES models in 
Denmark Risø-R-Report. Risø DTU; 2011. 
LITERATURE LIST 
79 
[66] Sveinbjörnsson DÞ, Algren L, Hansen AB, Pedersen AS. Energy 
Supply Modelling in Cities, Illustrated Using Data from the 
Municipality of Sønderborg in Denmark. 10th Conf. Sustain. Dev. 
Energy, Water Environ. Syst., Dubrovnik, Croatia: Conference on 
Sustainable Development of Energy, Water and Environment Systems; 
2015. 
[67] Lund H, Sorknæs P, Mathiesen BV, Hansen K. Energy Strategies and 
Future Energy Prices - A methodology to handle uncertain and 
fluctuating fuel and electricity market prices in the design and 
assessment of future energy scenarios. 2017. 
[68] Lund H, Hvelplund F, Mathiesen BV, Østergaard PA, Christensen P, 
Connolly D, et al. Coherent Energy and Environmental System 
Analysis. 2011. 
[69] Lund H, Østergaard PA. Sustainable Towns: The Case of 
Frederikshavn – 100% Renewable Energy. Sustain. Communities, 
New York, NY: Springer New York; 2010, p. 155–68. 
doi:10.1007/978-1-4419-0219-1_11. 
[70] Waenn A, Connolly D, Gallachóir BÓ. Investigating 100% renewable 
energy supply at regional level using scenario analysis. Int J Sustain 
Energy Plan Manag 2014;3:21–32. 
[71] Hagos DA, Gebremedhin A, Zethraeus B. Towards a flexible energy 
system – A case study for Inland Norway. Appl Energy 2014;130:41–
50. doi:10.1016/j.apenergy.2014.05.022. 
[72] Brandoni C, Arteconi A, Ciriachi G, Polonara F. Assessing the impact 
of micro-generation technologies on local sustainability. Energy 
Convers Manag 2014;87:1281–90. 
doi:10.1016/j.enconman.2014.04.070. 
[73] Lund H. Excess electricity diagrams and the integration of renewable 
energy. Int J Sustain Energy 2003;23:149–56. 
doi:10.1080/01425910412331290797. 
[74] Djørup SR. Fjernvarme i Forandring. Aalborg University, 2016. 
doi:10.5278/vbn.phd.engsci.00137. 
[75] Lund H. Large-scale integration of wind power into different energy 
systems. Energy 2005;30:2402–12. doi:10.1016/j.energy.2004.11.001. 
CONTEXTUAL ASPECTS OF SMART CITY ENERGY SYSTEMS ANALYSIS 
80
 
[76] Østergaard PA, Lund H, Hvelplund F, Möller B, Mathiesen BV, 
Remmen A, et al. Energivision for Aalborg Kommune 2050. Aalborg, 
Denmark: 2010. 
[77] Thellufsen JZ, Connolly D, Lund H, Glynn J, Deane JP, O Gallachóir 
B. Multi-model approach to analysing heating systems in low carbon 
energy systems: The case of Ireland. Aalborg, Denmark: 2017. 
[78] Thellufsen JZ, Lund H. Energy saving synergies in national energy 
systems. Energy Convers Manag 2015;103:259–65. 
doi:10.1016/j.enconman.2015.06.052. 
[79] Chiodi A, Gargiulo M, Rogan F, Deane JP, Lavigne D, Rout UK, et al. 
Modelling the impacts of challenging 2050 European climate 
mitigation targets on Ireland’s energy system. Energy Policy 
2013;53:169–89. doi:10.1016/j.enpol.2012.10.045. 
[80] Negrão COR, Hermes CJL. Energy and cost savings in household 
refrigerating appliances: A simulation-based design approach. Appl 
Energy 2011;88:3051–60. 
doi:http://dx.doi.org/10.1016/j.apenergy.2011.03.013. 
[81] Zografakis N, Karyotakis K, Tsagarakis KP. Implementation 
conditions for energy saving technologies and practices in office 
buildings: Part 1. Lighting. Renew Sustain Energy Rev 2012;16:4165–
74. doi:10.1016/j.rser.2012.03.005. 
[82] Gaglia AG, Balaras CA, Mirasgedis S, Georgopoulou E, Sarafidis Y, 
Lalas DP. Empirical assessment of the Hellenic non-residential 
building stock, energy consumption, emissions and potential energy 
savings. Energy Convers Manag 2007;48:1160–75. 
doi:10.1016/j.enconman.2006.10.008. 
[83] Lund R, Ilic DD, Trygg L. Socioeconomic potential for introducing 
large-scale heat pumps in district heating in Denmark. J Clean Prod 
2016:1–20. doi:10.1016/j.jclepro.2016.07.135. 
[84] Thellufsen JZ, Lund H. Roles of local and national energy systems in 
the integration of renewable energy. Appl Energy 2016;183:419–29. 
doi:10.1016/j.apenergy.2016.09.005. 
[85] Sperling K, Hvelplund F, Mathiesen BV. Centralisation and 
decentralisation in strategic municipal energy planning in Denmark. 
LITERATURE LIST 
81 
Energy Policy 2011;39:1338–51. doi:10.1016/j.enpol.2010.12.006. 
[86] Østergaard PA, Sperling K. Towards Sustainable Energy Planning and 
Management. Int J Sustain Energy Plan Manag 2014;1:1–5. 
[87] Danish Energy Agency. Energiscenarier frem mod 2020, 2035 og 
2050. Copenhagen, Denmark: Danish Energy Agency; 2014. 
[88] Thellufsen JZ, Lund H. Cross-border versus cross-sector 
interconnectivity in Renewable Energy Systems. Energy 2017. 
doi:10.1016/j.energy.2017.02.112. 
[89] Richardson N, Alexander MJ, James P. Energy storage against 
interconnection as a balancing mechanism for a 100% renewable UK 
electricity grid. IET Renew Power Gener 2015;9:131–41. 
doi:10.1049/iet-rpg.2014.0042. 
[90] Becker S, Rodriguez R a., Andresen GB, Greiner MOW, Schramm S. 
What can transmission do for a fully renewable Europe? 2014. 
[91] Rodríguez R a., Becker S, Andresen GB, Heide D, Greiner M. 
Transmission needs across a fully renewable European power system. 
Renew Energy 2014;63:467–76. doi:10.1016/j.renene.2013.10.005. 
[92] Zenón E, Rosellón J. Optimal transmission planning under the 
Mexican new electricity market. Energy Policy 2017;104:349–60. 
doi:10.1016/j.enpol.2017.02.006. 
[93] Østergaard PA. Reviewing optimisation criteria for energy systems 
analyses of renewable energy integration. Energy 2009;34:1236–45. 
doi:10.1016/j.energy.2009.05.004. 
[94] Margaritis N, Rakopoulos D, Mylona E, Grammelis P. Introduction of 
renewable energy sources in the district heating system of Greece. Int 
J Sustain Energy Plan Manag 2015;4:43–56. 
[95] Mathiesen BV, Lund H, Connolly D, Wenzel H, Østergaard PA, 
Möller B, et al. Smart Energy Systems for coherent 100% renewable 
energy and transport solutions. Appl Energy 2015;145:139–54. 
doi:10.1016/j.apenergy.2015.01.075. 
[96] Lund PD, Lindgren J, Mikkola J, Salpakari J. Review of energy system 
flexibility measures to enable high levels of variable renewable 
CONTEXTUAL ASPECTS OF SMART CITY ENERGY SYSTEMS ANALYSIS 
82
 
electricity. Renew Sustain Energy Rev 2015;45:785–807. 
doi:10.1016/j.rser.2015.01.057. 
[97] Aalborg University. The Re-Invest Project. 
Http://www.reinvestproject.eu/ 2017. http://www.reinvestproject.eu/ 
(accessed March 15, 2017). 
 
83 
APPENDICES 
Appendix A:  
Developing MultiNODE 
Appendix B:  
MultiNODE Documentation Version 1 
Appendix C:  
Energy saving synergies in national energy systems 
Appendix D:  
Roles of local and national energy systems in the integration of renewable 
energy 
Appendix E: 
Cross-border versus cross-sector interconnectivity in renewable energy 
systems 
Appendix F: 
Multi-model approach to analysing heating systems in low carbon energy 
systems: The case of Ireland 
 
APPENDIX A 
Developing MultiNODE 
 
DESIGNING THE MULTINODE TOOL FOR ENERGYPLAN 
In developing a new tool for EnergyPLAN that should have the capability of connecting several EnergyPLAN
analyses, the purpose of the tool and in what framework the tool should work are both central components
to be considered. Within the scope of this thesis and smart city energy systems, the tool has to be able to
operate within a technical simulation strategy. The tool is modelled as an addition to EnergyPLAN [1–3], as
this tool can simulate energy systems based on technical principles that integrate asmuch variable renewable
energy as possible in a fuel efficient way.
The approach in designing the MultiNODE tool is therefore to base it on the same technical principles of
EnergyPLAN. The main objective of the technical simulation in EnergyPLAN is to reduce the use of electricity
produced in power plants and heat produced in heat only boilers [1,2]. Within this sense, the main objective
of the MultiNODE tool, operating in technical mode, is to utilize interconnection to reduce the use of power
plant production. Furthermore, the MultiNODE tool should also be able to handle situations wherein one
system lacks the electrical capacity to fulfil the system’s electricity demands.
The achievement of this overall goal should enable the user to put a given system into a geographical context.
If the tool identifies situations wherein import or export is possible, this interaction should happen with the
surrounding energy system. The direct impact of such an action, which is a direct consequence of the specific
smart city energy system, should be immediatelymaking the surrounding energy systemeither producemore
or less energy. This change in production would therefore change the resources used so the user can assess
how the given smart city energy system affects the potentials of the surrounding country’s energy system.
To set up a model that works with the technical principles of EnergyPLAN, it is necessary to understand
exactly what options the user has in tweaking the technical simulation strategy in EnergyPLAN. By tweaking
these elements, the user can influence the amount of excess electricity created in the system. There are
three main activities that can be adjusted: the operation of CHP plants, the balancing of the electricity grid
in the system, and how the system handles critical excess electricity (CEEP) [1].
The amount of excess electricity the modelled energy system produces is to a large extent dependent on
howmuch variable renewable energy is introduced into the energy system. However, it is also dependent on
how the system balances.
If the system balances the production of combined heat and power plants based on heat demand, the plants
will produce electricity with no regards to the electricity demand, thus also producing excess electricity. This
can be avoided by balancing combined heat and power plants with both heat and electricity demands, but
doing so will leave less electricity available for export.
The balancing of the electricity grid can also result in more excess electricity being produced. This can be a
consequence of limiting large power plants’ ability to shut down. In hours with sufficient production from
renewable energy, and when the power plants are unable to ramp down, this will result in excess electricity
available for export. The requirements for grid stabilization can also result in more electricity being produced
that can potentially be exported.
EnergyPLAN uses the main measure of critical excess electricity to define the excess electricity that the
system cannot handle (by using transmission cables, for instance) [1]. To reduce the amount of critical excess
electricity, EnergyPLAN enables the user to reduce the amount of power produced by a CHP plant, to use
excess electricity in electric boilers, to shut off wind turbines and other variable renewable energy sources,
and to increase the hydrogenation of CO2.
The goal for the MultiNODE tool is to utilize this described excess electricity from EnergyPLAN to express the
available electricity a system offers to the grid, and into which one or more other systems can potentially
tap. It is clear that the amount of excess electricity can be regulated by the user. In that sense, it is necessary
to tweak how much is available for the grid and how much the system should try to utilise itself.
With this possibility of identifying the amount of electricity available for export in given systems, such as the
smart city energy system or the surrounding energy systems, it is necessary to identify in what cases this
available excess electricity can actually be used in another system. To identify this, the approach is still based
on the technical operation of EnergyPLAN.
EnergyPLAN seeks to limit the use of boilers and power plants with the goal of utilizing more efficient energy
sources, such as combined heat and power plants, or renewable energy sources. In that sense, the
MultiNODE tool assumes that the utilization of excess electricity in one system has the same main
technological assumptions. Thus, the MultiNODE tool should reduce the use of power plants for electricity
production. Hence, in situations where a system relies on power plant production, but available excess
electricity from another system is available, the MultiNODE tool should turn off the power plant production
and instead utilize the excess electricity. Another situation wherein the MultiNODE tool should introduce the
excess electricity is if insufficient capacity is available in the given system.
The reason the MultiNODE should not regulate the production of combined heat and power plants is that it
does not know to what extent these are utilized for heat production. Thus, if the tool were to reduce
combined heat and power plant production, it would in many cases replace the heat production by a fuel
boiler, making it questionable to what extent the electricity would reduce fuel usage.
An argument could be made for the tool to be able to ramp up combined heat and power production in one
system to displace power plant production in a different system, as this would provide an overall better
degree of system efficiency. This capability is difficult to achieve in a standalone tool that does its operation
outside EnergyPLAN, and thus it is not implemented in the current version. Instead, most of the effect can
be achieved by having the user set up EnergyPLAN to balance the CHP plants based on heat demands, as this
would provide as much excess electricity as possible from the combined heat and power plants.
Thus, the basic principles for the MultiNODE tool operating within the technical framework of EnergyPLAN is
to identify the available excess electricity in the given systems. This can be exported to another system if that
system has a lack of capacity or is producing electricity in a power plant. This should balance out so that the
amount exported should only equal the power plant production in a given hour. Furthermore, the systems
should not be able to import more than what is available in terms of excess electricity. This principle should
be applied to every hour.
The balance between two systems is simple to calculate since it basically requires an hourly simulation of
both systems and an hourly check to see if the systems produce excess electricity and if they have power
plant production in other hours. These two situations are balanced out with a transmission cable, so export
from the first system is utilized instead of a power plant in the second system, and vice versa. This is
illustrated in Figure 4.1. The approach does, however, become more complicated if more than two systems
are connected. The next part will discuss approaches to linking several systems. These will be dependent on
determining a merit order and defining the network in which the systems are connected.
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Figure 4.1 Principle operation of the exchange of electricity over a grid from a technical perspective, with the
aim of reducing production in power plants.
DETERMINING AND MODELLING THE NETWORK 
When modelling the interconnection between several energy systems, the electrical network should be laid
out. Figure 4.2 illustrates the European high voltage transmission grid from 2004 [4]. From this illustration, it
can be seen that interconnection between some countries only happens in one spot, such as between
Norway and Denmark, while in other places, the grids spanning country borders are more intertwined, as
seen around Italy and Austria, for instance. However, when looking at the transmission grids within countries,
it is seen that the grids are generally either more dispersed or consist of a central line into which the smaller
grids can tap.
Based on this observation, two types of network models are considered for the tool: the mesh network and
the star network. These concepts are illustrated in Figure 4.3. In the star network, the transmission grid is
modelled as a central node with which all the connected energy systems exchange electricity and which is
only limited by the capacities of the interconnectors. In the mesh network, the transmission grid is the edges
between every system. This means that between every transmission line, the specific energy system is
modelled. Themesh network is the approach used in several studies, such as [5–8] and [9], and this approach
is generally applied more often, such as when identifying the optimal electricity exchange in amarket context
grid [10,11] or in the analysis of a European grid [5,7,8]. These analyses do, however, very often focus only
on the electricity system without regarding the rest of the energy system.
Figure 4.2 The European high voltage transmission grid in 2004. [4]
Figure 4.3 Illustrations of the basic concepts of a star network approach and a mesh network approach
The mesh network provides an advantage in terms of modelling each system with the specific capacity
between the separate systems, enabling it to capture situations of bottlenecks between systems, such as
when taking the system illustrated in the mesh network in Figure 4.3. In the situation of an excess production
of 1800 MW in the system, and with the only demand for import being in System 5, the mesh network
illustrates that only 1200 MW can be sent to System 5 even though the capacity in the transmission cable
between System 3 and System 5 is 1500 MW. The reason for this is the bottleneck of the low transmission
capacity between System 1 and System 3. The star network does not have this capability since it transfers
between systems through a central grid. If comparing the same scenario of System 1 and System 5, the star
network does allow for a transmission of 1500MW. It is important to note that this bottleneck issue primarily
becomes a potential problem in cases with weak grids and large geographic areas with several weak links.
Furthermore, this can potentially be overcome to some extent within the star model if the problem exists in
the end of the grid. In that case, the central grid can be modelled first, after which the simulation is run
between the systems connecting the appendix system.
The benefit of the star network is its simplicity in terms of connection points, meaning that each system has
one connection to the grid. This makes it simpler to create a balance for each system and to establish balances
between the systems utilising one single common grid. This becomesmore complicated in themesh network,
since it includes several connections between countries and no common hub for balancing can be identified.
The mesh network thus requires that the whole grid and all systems be balanced at any given time, while in
the star network it is sufficient to simply measure the balance in the central grid. With the star network, it is
possible, based on a merit order, to simply determine in each hour howmuch electricity a system can deliver
to the grid and how much electricity it has to take out of the grid. Based on the merit order, the systems
therefore export electricity to the grid and import electricity from the grid one by one, with just the central
grid to balance. Due to the increased connection and the fact that no central grid exists, it is harder to identify
the merit order in the mesh network. The systems have to be ranked between them through direct links, but
there is also the possibility of transferring from one system to another indirectly through a third system. In
that case, the merit order has to take into account the fact that it might change according to analysis of all
the potential ways the current can flow through the network.
This thesis primarily focuses on the analysis of cities and the surrounding areas; in this case, a rather
reinforced grid is assumed. This enables the option of assuming a simpler model for the network. The
MultiNODE tool is therefore based on the star network assumption. It is also identified that, in the necessary
cases, it is possible to do a workaround of the bottleneck issue highlighted earlier. Furthermore, the author
believes that this simplification is in line with the overall principles of EnergyPLAN, which aggregates parts of
the energy system to achieve simpler and faster calculations without losing the main perspective of the
subject analysed. The star network should be seen as a simplification of the grid, connecting different energy
systems and enabling the user to quickly calculate the benefits of interconnection.
DETERMINING MERIT ORDER 
When connecting more than two energy systems, it becomes necessary to determine in what order the
systems should exchange electricity. This means which system should provide the excess electricity in
situations with plentiful excess electricity and, in scenarios with scarce availability of excess electricity, decide
which system should receive the excess electricity and in what order.
The MultiNODE tool operates under the assumption that if a system can deliver excess electricity, it delivers
as much as possible. Likewise, if a system has been identified as an importer of electricity, it imports as much
electricity as possible, based on the lack of capacity or the amount of electricity produced on power plants.
The thesis considers three ways to determine the merit order of energy systems in terms of electricity
exchange.
The first principle is that the user simply defines the order. The benefit of this approach is that the user can
ensure the specific operation of the grid and give priorities to certain systems. Thus, it enables a certain level
of flexibility since the user can determine the order based on several different principles while also making it
easy to test the performance of the grid with other merit orders. The disadvantage is that it becomes quite
difficult to change themerit order during the run year due to the amount of data points. The user determined
merit order would have to be fixed for, most likely, the whole run period. This makes it difficult to take into
account temporal changes that might make it beneficial to change the merit order several times over a year.
The second principle is based on parts of the overall concept of the technological simulation strategy in
EnergyPLAN in order to reduce the amount of electricity produced in power plants. To do this, the principle
would be to export to the systems with the worst power plants based first on their efficiencies. Thus, the
systems replace the units with the highest amount of fuel consumption first and then so on. The advantage
is the clear linkage to the overall strategy of EnergyPLAN. The disadvantage is that it is a fairly limited way to
determine merit order and will also be locked in for the whole operation period since EnergyPLAN does not
change power plant efficiencies over the year.
The third principle would enable the MultiNODE tool to change the merit order over the year. The principle
would rely on the system cost for producing electricity and order the systems so that the most expensive
systems would import first and the cheapest systems would export first [1]. This would base itself on the
principles of short term marginal costs. The advantage is that the tool can change the merit order over the
year and that it can take into account situations where import or export might make sense based on a reason
other than fuel efficiency. The disadvantage is that this principle is not aligned with the technical operation
of the EnergyPLAN system. Thus, issues can arise from applying different methodologies to the operation of
the energy system: a technical perspective in the EnergyPLAN part, and an economical perspective in the
MultiNODE part. Second, the models will also require a detailed cost database to provide the necessary
economic details.
It is the intent to implement all three operation strategies for the MultiNODE tool, but for the scope of the
thesis, only one has been selected. In this case, the first principle has been chosen. The MultiNODE tool
therefore operates based on a user determinedmerit order. The reason is that it provides the most flexibility
and fits within the framework of technical operation of the smart city energy systems analysed in
EnergyPLAN. Second, the second principle can be implemented in the first principle; the user simply has to
determine merit order based on power plant efficiencies. Furthermore, this approach enables the user to
determine merit order on several principles, in which the network layout discussed previously can be taken
into account. Finally, several orders can be tested to determine the sensitivity the transmission system has
on the merit order.
MULTINODE 
The MultiNODE tool is designed based on these key principles of the operation of interconnection between
a smart city energy system and the surrounding systems, the layout of the network, and the merit order of
these systems. The operation of the tool is recorded in the documentation [12] and can be found in Appendix
B.
The key principle of MultiNODE is that through a star network and with a user defined merit order, the
exchange of electricity between systems can be identified. The basic principles of the exchange rely on
creating an hourly balance between the excess electricity produced in some systems and the need for import
of electricity in other systems. The excess electricity comes from combined heat and power pants, waste
incineration, and variable renewable energy. The need for import is determined as situations with a lack of
capacity and the production of electricity in power plants.
Currently, the tool will only exchange electricity if both of these situations occur. Thus, it will not ramp up a
power plant in one system to fill under production of electricity in another system. Hence, the tool examines
how excess electricity can be used and does not guarantee the balancing of production and demand in all
hours in all systems. In the long run, this feature can be implemented in the system, but it is not key to
investigating how the smart city energy system interacts with the surrounding systems. The user just has to
be aware that remaining excess might result in the curtailment of wind power and that the lack of capacity
might result in an increase in power plant production. Both of these are related to the overall system
operation and not to the interplay between the smart city energy system and the surrounding energy system.
Another interesting development that has not yet been implemented is the allowing of storage to influence
the determination of import and export demands. Thus, in hours with remaining capacity in an electricity
storage (and potentially a thermal or gas storage), the systemmight be able to import excess electricity under
the assumption that it is able to utilize the electricity at some point. Currently, this has not been implemented
because EnergyPLAN simulates storage based on the principle of being able to utilize the stored energywithin
a defined time frame. Since MultiNODE works without interfering with the EnergyPLAN operation, the
inclusion of storage might be difficult without interfering with the current EnergyPLAN operation of storage.
The author believes that for storage to be included in the assessment of import and export in the MultiNODE
tool, it has to be done in a way that corresponds with the principles of EnergyPLAN. Such an approach has
not yet been achieved and is therefore left out of the current version of the MultiNODE tool. The goal is to
include it in a later version.
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Henrik Lund, Prof. AAU, and Anders N. Andersen and Henning Mæng from EMD International. 
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The MultiNode Concept in EnergyPLAN 
The goal of the MultiNode Add-on Tool to EnergyPLAN is to be able to run and link several EnergyPLAN 
analyses. The concept currently only looks at the electricity sector and defines the link through cables. 
MultiNode has the possibility of linking between 2 and 28 different systems. These energy systems can be 
of all kind of sizes, meaning it is suitable to run both on local-national analyses and when linking multiple 
national energy systems, e.g. the European Union.  
MultiNode is part of the current development strategy for EnergyPLAN. This means that instead of making 
radical changes to EnergyPLAN, the development goes towards creating add-on tools that utilizes 
EnergyPLAN as a base framework. Therefore, MultiNode does not make changes to the way EnergyPLAN 
runs. This is reflected in the overall concept of the MultiNode add on tool, as exchange possibilities have to 
be identified in a certain way. 
Figure 1 shows the overall concept of the MultiNode add on tool. The figure illustrates how the tool 
identifies exchange options. First, MultiNode runs all selected energy systems without any interconnection. 
From this analysis, MultiNode identifies two sets of information for each system: 1) the hourly amount of 
exportable electricity and 2) the potential for electricity import every hour. MultiNode identifies a potential 
import demand as hours with: 
 Lack of sufficient capacity 
 Hours with power plant production 
From the information regarding the hourly available exportable electricity and hourly potential for 
importing electricity, MultiNode now tries to link the exportable electricity with the demand for import. In 
hours with import demand and available export, each system will try to fulfill its demand for import as 
much as possible. Each individual energy system will get access to the electricity available for import on the 
grid based on a merit order.  
After utilizing as much of the exportable electricity as possible in each of the energy systems, an 
import/export balance is created for each energy system and the yearly net export is identified. Together, 
the balance and the net export identifies each system’s interaction with the grid.  
Note that the tool uses a total grid capacity for transmission since it views the electricity grid as one unison 
between all systems that has a defined grid capacity over zero. 
Finally, the MultiNode add-on tool runs each of the selected energy systems again now with the 
information regarding import and export. Based on these simulation results the MultiNode has the option 
of summarizing all systems together.  
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Using the MultiNode tool 
MultiNode is structured in four tabs. The “front page” where the user defines the model and runs the 
different parts. The “input files” where the user defines the different energy plan systems. “Transmission” 
where the user defines transmission capacities and “settings” where the user defines energy units and RES 
sources. 
When opening MultiNode the first screen is the front page. To run the model either use the automatic 
generation of country names (currently only works for EU28, the Nordic Countries, and the Baltic 
Countries). Be aware that to use this function you have to follow a certain naming standard. Else just leave 
these functions be, as they are not necessary. 
The button for selecting operation mode defines the methodology for merit order in the system in terms of 
utilizing excess electricity. The standard procedure is to define the merit order based on the order of 
energy plan files in the input files tab. Otherwise, the tool can use the system priced calculated in each 
system to define merit order. Note that this requires that you have defined costs in each EnergyPLAN 
system. Be aware that the MultiNode tool does not check your cost assumptions and unit settings.  
The following takes you through the tabs, to run your model successfully. 
Go to input files and 
select the number of 
EnergyPLAN systems 
you want to connect. 
Click select to load the 
files. 
Click the “active” 
button to deactivate a 
file if you do not want 
to include it in a given 
analysis.  
 
Define transmission 
capacity from each 
system going into the 
grid.  
 
Click select to load input 
files 
Click active/not active to activate/de-
activate a given EnergyPLAN file 
Define capacity 
Go to settings to define 
the size of the system, 
the currency, and 
renewable energy 
technologies. For each 
setting there is a 
button that confirms 
whether the input files 
are set correct. These 
settings are not 
needed to run the 
model, but will help 
the user generate the 
right print out heet.  
 
To run the tool the first 
step is to test that all 
the input files exist on 
the front page. 
  
 
Change renewable energy sources 
and units  
Test whether input files have the 
same settings? 
Test that the input files exist 
The next step is to 
press the start Multiple 
Execution. This will run 
each EnergyPLAN 
model as an island 
mode, and store the 
results. 
 
Hereafter, you can 
create a printout to see 
how the system 
operates without 
interconnection 
between them.  
 
 
After that, pressing the 
create import/export 
balance will analyse 
each system, and 
define how much 
should be imported 
and exported to each 
system.  
 
Calculate a printout sheet for 
the total region. 
Run the MultiNode tool. 
Create import/export balance 
Finally, the “Run 
connected models” 
button will save all 
your systems with the 
import/export balance. 
You can load these into 
the MultiNode tool 
under input files and 
run the tool again, to 
see how the overall 
system performs with 
connection.  
 
Create a connected model that 
saves the import/export balance 
into each EnergyPLAN file 
Calculating connections using MultiNode 
The MultiNode tool operates based on four different buttons. These operations are described in detail in 
the following subsections. 
Start Multiple Calculation 
When pressing start multiple calculation MultiNode runs each defined system as an island mode operation. 
It stores all information from the EnergyPLAN operation in the memory in a number of files. One file that 
summarizes all the selected systems and separate files for each individual system. The stored data also 
includes temporarily information necessary to calculate average efficiencies when running the print out 
button. 
Create Import/Export Balance 
Abbreviations: 
P = Potential 
PP = Power plant 
Prod = production of electricity 
Imp = Import 
Ini = initial 
N = Number of systems 
1..14 = The specific system 
Based on the stored output data from each individual system the tool creates an import/export balance, 
following the basic structure illustrated in Figure 1. 
The first step of creating the import/export balance is to calculate the total amount of export available on 
the grid each hour. This is done by identifying the amount of exportable electricity each system delivers and 
add them all together for each hour: 
 
Each of the individual exports can maximum equal the defined capacity on the interconnector. 
After this, the amount of potential imports are identified for each system by adding together the important 
demand the current operation of the power plant. This is done for every hour in the year.  
 
 
Each individual import demand can only be as high as the capacity on each transmission line. 
For each system the program creates an initial hour balance that defines the export as positive and the 
potential import as negative for each system: 
 
 
 
However, the system can only import if there is available electricity in the grid. This means that based on 
the merit order in which the systems are organized in the program they will each take turn in taking 
electricity out of the grid as import. Therefore it will check whether there is electricity in the grid for each 
hour with a potential import demand. If that is the case an import demand will be defined: 
 
 
 
These sections secure that only potential import that can be covered by the grid is included.  
Therefore, the balance can now be created. This is done by taking the initial balance and replace the 
export, with the sum of imports needed in the other system, while the potential import is replaced with the 
actual import found in the previous section. This is done for every hour: 
 
 
 
 
 
The result is a balance file for each system, where the export is positive and the import is negative.  
 
The consequence of this method is that the export part is not in balance with the import part. Therefore, 
the final step is to remove the excess accounted electricity by diving the active export in each system in 
each hour with the number of systems that exports electricity. Thus eliminating excess exports. The 
following concept is used for each balance: 
 
 
The balances can be seen by pressing the view screen button and can be found in the EnergyPLAN 
distribution files folder.  
Run Connected Mode 
The run connected mode button uses the information from the created import/export balance and the 
loaded input files to create new EnergyPLAN scenario files. These are the original files but uses the fixed 
import/export input in EnergyPLAN to include the import/export balance created.  
The import/export balance is included as a distribution file and a sum to indicate the total annual demand. 
A negative demand indicates an annual import of electricity while a positive demand indicate an annual 
export of electricity. 
Printout 
Abbreviations: 
P = Potential 
Cap = Capacity 
Eff = Efficiency 
PP = Power plant 
El = production of electricity 
Fuel = Fuel consumption 
1..14 = The specific system 
 
The final button in the MultiNode is the print out. This is used to summarize all the EnergyPLAN outputs 
into one single combined output. This is useful, when using the MultiNode tool to simulate systems split 
into several systems. This could be a country split into counties or regions, or parts of Europe modelled as 
each individual country. Then the printout button can make final output sheet for the country or for 
Europe.  
Compared to the printout in EnergyPLAN, the MultiNode print out is simplified. This means it only includes 
information that can be either added together or defined through weighted averages.  
This means that all costs, capacities and demands are added together based on. For instance for electricity 
demand and power plant capacity: 
 
 
 
The average efficiencies for all fuel consuming fuel plants are calculated based on the total energy output 
divided with the total fuel consumption. For instance for power plants: 
 
 
For efficiencies for non fuel using plants, the efficiency is calculated based on calculating capacities before 
and after efficiency loss for each system. These are both summarized and based on this an average capacity 
is found. For instance for hydro power: 
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The thesis defines the concept of smart city energy systems. The thesis em-
phasises the need to investigate the smart city energy system and two con-
textual aspects. The system integration context and the geographical context. 
The system integration context emphasises that increased interrelation be-
tween the different energy sectors increases the efficiency of the system. 
However, it also impacts the implementation of single technologies in the 
smart city energy system. The thesis discusses methods and tools to assess 
the system integration context.
Smart cities, and other concepts for urban development, often strives towards 
some sort of sustainability target. However, to consider a city and the smart 
city energy system sustainable, they cannot limit other energy systems from 
becoming sustainable. It is therefore necessary to investigate the geograph-
ical context. This thesis develops tools and methodologies that enables the 
user to investigate the geographical context of smart city energy systems. 
The thesis applies the concept of smart city energy systems, the system in-
tegration context and the geographical context on several cases, to test the 
tools and methods and to analyse the consequences of the different contex-
tual aspects.
